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ABSTRACT 
This study developed sustainable groundwater management methodology applicable 
to sedimentary environments in sub-Saharan Africa, taking the Chad basin, North-
eastern Nigeria as a case study. The study employed integrated methodological 
approaches and is divided into three major interrelated phases. The first phase of the 
study carried out a stakeholder analysis and identified the stakeholders that are 
responsible for and those affected by problems of groundwater contamination as well 
as those that have formal authority and influence in addressing the situation.  A total 
of 22 stakeholder groups comprised of; 10 government agencies, 4 water user 
groups, 3 professional organisations, 3 civil society organisations, an NGO, and a 
research institution were identified and engaged at the tactical level via interviews, 
focus groups, and household surveys. The second phase evaluated the various 
above ground pollution sources and assessed their impact on groundwater, and 
carried out physico-chemical investigation of groundwater samples collected from 
selected shallow boreholes across the study area in determining the extent of 
contamination from the aforesaid pollution sources. The third phase of the study 
carried out modelling of chloride contamination due to pit latrine impacts and 
developed guidelines for mitigating the negative impact of on-site sanitation systems 
on the underlying aquifer. The results of the stakeholder engagement show that 
knowledge about groundwater contamination is good among the strategic 
stakeholders and limited among the primary stakeholders. Also, most interviewees 
are concerned about problems of contamination and are keen to be part of 
addressing the situation, a handful of focus group participants, and the survey 
respondents are equally concerned about this issue. Also, all the stakeholder 
categories suggested that community participation, increase in investment, 
controlling waste from source, and strict legislations are the possible ways of 
addressing the existing problems of groundwater management in the study area. 
Overall, social, economic, and cultural influences are the factors responsible for the 
prevalence of the pit latrines and open dumpsites. Risk matrix result shows that pit 
latrines, dumpsites, and other non-point sources are the potential sources of 
pollution based on the order of their magnitude. Geological material constitutes the 
lowest risks. Groundwater Physico-chemical analyses result show that the 
groundwater in the study area ranged from alkaline (pH 6.61-7.57) to slightly 
alkaline-acidic (6.2-7.31). The distribution of non-anthropogenic parameters such as; 
Na2+, Ca2+, K+, and Mg2+ across all the boreholes varied significantly (p<0.05; 
significant level of 95% and confidence interval of 0.05). Also, the concentrations of 
anthropogenic indicator parameters such as; Cl-, NO3
-, SO4
2-, and PO4
3- in the 
groundwater are correlated with the above ground pollution sources; their distribution 
across the boreholes of the study area varied significantly (p<0.05). Furthermore, the 
groundwater is currently of good quality for consumption. Equally, Granulometric and 
mineral content analyses of the sediment were carried out to determine the 
sediments particle sizes and the distribution of their contained minerals. Results 
show that the sediments particles ranged between 1mm-<63µm while minerals such 
as Quartz, Feldspar, Albite, Zircon and Iron Oxide are dominant. The alternative 
guidelines developed by this study can be applied across the major sedimentary 
basins of Nigeria. The study provides baseline data for achieving sustainable 
groundwater management in sub-Saharan Africa region. The concept outlined in this 
thesis can be replicated in other international case studies across Africa. 
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CHAPTER 1 
GENERAL INTRODUCTION 
 
 
1.1 Background  
 
Groundwater plays an increasingly significant role in domestic, industrial and 
agricultural water supply in Sub-Saharan Africa region. It is estimated that 2 billion 
people worldwide depend on groundwater for drinking water (Salman, 1999; IAH, 
2006; Gleeson et al., 2012). The annual global groundwater extraction increased in 
recent decades from 100 km3 a year in 1950 to a current estimated use of about 800 
km3 a year (Schlager, 2007; Wada et al., 2010). Today, 43 percent of global 
irrigation (Giordano and Villholth, 2007; Siebert et al., 2010) as well as more than 50 
percent of the world‘s drinking water supply (Zekster and Everett, 2004) and a large 
share of global industrial activity depend on groundwater (World Bank, 2010; GWP, 
2012). 
 
In Nigeria and most parts of sub-Saharan Africa (especially the Sudano-sahel 
region), groundwater plays a vital role in the development of urban and rural areas. 
In a recent report, the British Geological Survey estimated that the groundwater 
potentials of aquifers in Africa are 100 times the amount found on the surface 
(MacDonald et al., 2011; McGrath, 2012). Currently, more than half of the continent‘s 
populations depend directly on this natural resource for their daily water needs. In 
Nigeria and the entire sub-continent, the provision of safe drinking water especially in 
2 
 
the rural areas has deteriorated; access in urban areas fell from 80 per cent to 76 
per cent in the last decade alone (AICD, 2011). This is largely due to poor 
management; inadequate technical capabilities and human capacities, insufficient 
investment and funding. Others are lack of stakeholder participation in the 
management of groundwater resources and the fragmented nature of national 
institutions responsible for water management (Jacobsen et al., 2012). The stated 
problems above, were the reasons for non-attainment of the Millennium 
Development Goals (MDG), if not well addressed, it will make the fulfillment of 
Sustainable Development Goals (SDG) difficult in the sub-continent. 
 
Additionally, rapid population growth and uncontrolled urbanisation further aggravate 
the increasing magnitude and distribution of above ground human activities that 
potentially affect the quality and quantity of the underlying groundwater in this region 
(Foster et al., 1998). Uncontrolled urbanisation, high population densities and the 
ever increasing human activities all severely affect groundwater quality in this region. 
Thus, this study aims to address the above-mentioned problems with special 
emphasis on the Sudano-sahel region of sub-Saharan Africa (see figures 1.1, 1.2a 
and 1.3).  
 
The Sudano-sahel region covers most parts of west Africa; it spans across 
northern Senegal, southern Mauritania, central Mali, northern Burkina Faso, extreme 
south of Algeria, Niger Republic, extreme north of Nigeria, central Chad, central and 
southern Sudan, and some parts of northern Eritrea (Dai et al., 2004). The 
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justification for the selection of this region is because it is one of the most water 
stressed region in Africa (Figure 1.1), and it is grossly affected by environmental 
problems attributed to above ground anthropogenic activities (AICD, 2011). 
Secondly, another important factor that led to the selection of this case study area is 
because of its socio-economic significance in sub-Saharan Africa region; it serves as 
the commercial gateway of the entire Sahel region (area with the highest 
anthropogenic pressure due to economic activities) hence, it is an excellent 
representative of the regional generic problems attributed to socio-demographic 
impacts across Africa. 
 
This sub-region was chosen to provide insights into the broader problem of 
groundwater contamination across sub-Saharan Africa region. Also, geological and 
socio-economic characteristics are the key parameters that guided the selection of 
the case study area. Geologically, the Chad Basin is the largest sedimentary Basin 
in the region with relatively uniform geology (Figure 1.2a &b).  Hence, the study area 
was selected to be representative of the larger sub-Saharan Africa region in terms of 
geology, land use, demography, climatic and socio-economic conditions.  
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Figure 1.1 Map of Africa showing the study area and the major climatic belts (African 
Atlas, 2010) 
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Figure 1.2a (upper) Regional Geology of the Chad Basin showing the SW-NE trend. 
Figure 1.2b (lower) cross section of (SW-NE) the multi-layered aquifer system of the 
Chad Basin. Modified from Schneider & Wolff (1992) 
 
Socio-economically, Maiduguri metropolis is the largest city in the Nigerian sector of 
the Sudano-sahel region of West Africa. Thus, they were selected to represent a 
wide range of cases occurring in the region. Also, it is important to note that the 
Sudano-sahel region is an area with uniform climate and vegetation (Figure 1.1), 
similar hydrogeology, and comparable population distribution (Figure 1.3). Thus, 
Maiduguri metropolis is no exception and it will be a very vital representative case 
study for the whole region.  
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Figure 1.3 Map of Africa showing the Population distribution across the Sudano-sahel 
region. Modified from World Bank (2012) 
 
The case study methodology adopted by this study is good for understanding 
contemporary societal problems that cannot be manipulated in real sense. Also, this 
case study will be a useful tool for investigating the preliminary causes of 
groundwater contamination which will serve as a basis for the development of a 
feasible and a realistic groundwater protection framework in sub-Saharan Africa 
region. Lastly, this case study will be useful in advancing the existing knowledge and 
will proffer solutions to the existing and presumed future problems of groundwater 
contamination in the region as no such study exists in the case study area.  
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The justification stated above will bridge the existing gaps by investigating the 
potential threats to water quality in the upper unconfined aquifer system of the Chad 
Basin around Maiduguri in north-eastern Nigeria. This aquifer is a major water supply 
source for the city; with more than 80% of the residents obtaining their domestic 
water supplies directly from it (Bunu, 1999). The aquifer is hydraulically connected to 
the Ngadda River, which drains the city (Isiorho and Matisoff, 1990) (Figure 1.4). 
This river–groundwater system is threatened by the impact point and non-point 
sources of contamination across the city (Bakari, 2014a).  
 
Figure 1.4 Conceptual representation showing River-aquifer connectivity. Modified 
from Isiorho and Matisoff (1990) 
 
This negative impact is significant in many areas of Maiduguri metropolis where 
human, residential and commercial wastes are indiscriminately disposed of (Figure 
1.5a and b). Also, the hydraulic connectivity, between the river and the upper aquifer, 
serves as a pathway of groundwater contamination due to inflow of poor quality river 
water into the aquifer. As a consequence, it poses unacceptable health risks to the 
local population; most especially on the urban poor who largely depend on the 
groundwater (Chilton, 1999; Wakida and Lerner, 2005; Putra 2008).  
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Figure 1.5 (a and b) Residential and commercial solid wastes disposed at the River 
Ngadda bank in Gwange area of Maiduguri metropolis 
 
 
 
1.2 Justification for the study and rationale for a case study  
 
In sub-Saharan Africa region, many countries including Nigeria failed to meet their 
Millennium Development Goal (MDG) targets on access to improved water and 
sanitation by the year 2015. Despite the intensive effort of the Federal Government 
on implementation of water and sanitation projects over the past two decades in 
Nigeria, the percentage of population with no satisfactory water and sanitation 
facilities is still high and on the rise especially in the urban areas.  
 
According to a recent World Bank (2013) report, the impacts from poor sanitation 
and hygiene costs the economy of Nigeria to the tune of N 444 Billion (US$ 2, 978, 
000) annually, or the equivalent of 1.3% of its annual Gross Domestic Product 
(GDP). Also, the WHO (2012) estimates that diarrheal diseases caused by poor 
sanitation and water in Nigeria amounts to 124, 400 deaths of children under five 
years old annually.  
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In the study area, groundwater resources are facing significant pressure to provide 
for the socio-economic needs of the growing population. Also, the inadequate 
institutional framework, constraints in policy formulation and stakeholder exclusion in 
decision making in the management of water resources have been identified as the 
major limiting factors for the attainment of sustainable groundwater management in 
the study area and the entire region (Adelana, 2006). Also, the approaches to 
groundwater management in the case study area is inadequate, guidelines for 
mitigating the impacts of onsite sanitation systems on groundwater are non-existent. 
Furthermore, the study comes at a critical moment when many countries across 
Africa are transitioning from the Millennium Development Goals (MDGs) to the 
Sustainable Development Goals (SDGs); in ensuring sustainable livelihood of their 
citizenry.  
 
Therefore, this study aims to address the abovementioned gaps by taking Maiduguri 
metropolis as a local case study area in sub-Saharan Africa. This is because 
guidelines for mitigating pollution sources impact on groundwater are absent in the 
current management and operational system. Thus, effective strategies that will 
ensure the achievement of the SDGs by 2030 are limited in the region. Strategies 
that mitigate the negative impact of urbanisation and population growth are lacking. 
These strategies if practically developed will be of paramount importance to the 
region. These include sustainable strategies such as; mapping anthropogenic 
pollution sources, identification and inclusion of key stakeholders in groundwater 
management, educating and enhancing the capacities of water user groups, periodic 
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assessment and monitoring of water quality and the provision of adequate legislation 
and enabling environment. 
 
Additionally, the lack of relevant environmental, hydrogeological, and socio-
demographic data poses more challenge to the development of sustainable 
groundwater management strategies in this region. In this respect, most 
hydrogeological research in sub-Saharan Africa are focused on addressing technical 
aspects of hydrogeology (Garduno et al., 2010; Foster et al., 2012; Taher et al. 
2012) thereby giving less consideration to the social aspects.  Consequently, the 
increasing uncertainties linked to urbanisation and population growth remains a 
critical issue on both local and global scale; therefore, it is necessary to adopt an 
integrated science of the people and water, which will explore the impacts and 
dynamics of human activities on the underlying groundwater systems.  
 
Furthermore, the study was motivated by principle number 2 (Water development 
and management should be based on a participatory approach, involving users, 
planners and policy-makers at all levels) of the Dublin Statement on Water and 
Sustainable Development 1992, and a more recent call in Hydrological Processes for 
a new science of water in the new Scientific Decade 2013-2022 of the International 
Association of Hydrological Science (IAHS) (Montanari et al., 2014). This is 
dedicated to further the investigations on change in water system and society; it 
treats humans and their activities as endogenous features of the water cycle. 
Through water consumption, pollution and policies, it can address many and varied 
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water-related challenges in the Anthropocene (Sivapalan et al. 2011; Montanari et al. 
2013; and Gober et al., 2014; Sivapalan et al., 2014; Re, 2016).  
 
The examination of this integrated science will be achieved in this study by bringing 
together the social and technical components of hydrogeology in addressing the 
persistent societal problem of groundwater contamination; attributed to the impact of 
above ground anthropogenic activities (Figure 1.6).  As outlined (Figure 1.7), the 
integrated methdology developed by this study has two major environments of 
operation i.e. the above and the below ground environments respectively. The above 
ground component is social sciences dominant, it constitutes the identification and 
characterisation of pollution sources, engagement of relevant stakeholders for 
groundwater protection decision-making, and the development of sustainable 
framework; all take place at this level (above ground).  
 
The social component allows the exploration of the sociological and socio-cultural 
perceptions of the stakeholders towards the potential anthropogenic contaminant 
sources. Additionally, the inclusion of stakeholders will enable the implementation of 
management actions needed to ensure sustainability of groundwater resources. 
Here, social tools or stakeholder participatory methods such as interviews, focus 
group discussions and household questionnaires are employed in evaluating the 
causes and remedies of groundwater contamination.  
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Figure 1.6 socio-hydrogeology outline  
The below-ground component is purely technical (geological/ hydrogeological); it is 
sub-divided into the interface and the aquifer zone respectively. The interface will 
involve the investigation of the physical and mineralogical characteristics of the 
sediments/ or local geology in determining their distribution, sorting, and 
composition.  
 
The aquifer section forms the groundwater body; here investigations of the Physico-
chemical characteristics of the groundwater quality will be determined. In this 
respect, emphasis will be given to anthropogenic indicator contaminants because of 
their connection with the above ground anthropogenic activities. Here analytical 
13 
 
techniques of hydro-geochemical analyses will be employed in determining the 
extent of contamination across the study area. Also, a modelling of a selected 
anthropogenic indicator parameter will be carried out in determining the future trends 
of the contamination in the case study area. Particularly, chloride concentration will 
be modelled to determine impact of pit latrine on groundwater. This is because 
chloride is an excellent parameter that indicates faecal contamination.   
 
The overall aim of the study will be achieved by tailoring the findings of both the 
technical and social aspects in establishing sustainable guidelines that can be 
practically applicable in the study area and other similar case studies across sub-
Saharan Africa region. These guidelines will provide realistic and practical solutions 
to the existing problems in the case study area. The integrated and interdisciplinary 
approach envisioned by this study is becoming increasingly accepted as a way 
forward to addressing complex groundwater issues (Jakeman and Letcher, 2003; 
Giupponi et al. 2006; Re, 2015).  
 
The integrated approach adopted by this study will provide opportunity for 
developing alternative guidelines for groundwater management, which cannot be 
achieved from mono-disciplinary stances alone.  In this respect, Croke et al. (2014) 
have combined hydrological modelling with socio integrated assessment for water 
management in Australia. However, it is worthy to note that the integration of human 
and environmental issues remains a major problem in the policy world (Tress et al., 
2003).  This integrative view point was also expressed by many authors (Parker et 
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al., 2002; Winder, 2000 and Costanza, 2003; Winder 2003; and Jakeman and 
Letcher, 2003).  
 
The schematic plan of this study (Figure 1.7) below shows the arrangement and 
connections of the various chapters as presented in this thesis.   
 
 
Figure 1.7 Research Outline 
 
Additionally, it is worthy to note that the integration of the social and technical 
aspects of hydrogeology as proposed by this study might be subject of criticism in 
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the future. This is because the study is exploratory in the case study area and aims 
to contribute practically to the evolving subject of socio-hydrogeology. 
 
The rationale for adopting the case study methodology is because it is more suitable 
and practical in addressing societal problems (Oats, 2006). Another advantage is 
that information obtained can be utilised to develop a theoretical proposition on the 
study area (Hartley, 2004). In addition, Yin (2009) has further stated that the benefit 
of a single case study is that the researcher has access to areas that were 
previously not investigated, and the resulting information is revelatory.  
 
Thus, the single case study approach adopted by this study will investigate the 
coupled human-groundwater system including the physical and sociocultural 
mechanisms that affect groundwater quality from multiple perspectives. The findings 
of this study can be replicated in areas with similar characteristics across the sub-
Saharan Africa region, and can be utilised to understand the relationship between 
above ground anthropogenic activities and below ground hydrogeological systems. 
This is because access to safe, clean and affordable drinking water and sanitation 
remains a mirage in many African countries.  
 
The case study approach of this study endeavours to investigate the circumstances 
and dynamic conditions of an interrelated hydrogeological system. According to 
Stake (1988), the special aspect of the case study approach is that it focuses on one 
phenomenon so as to understand it in-depth in its natural condition. Furthermore, the 
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case study‘s unique strength is its ability to deal with a variety of evidence from 
multiple sources and questions about current set of events can be answered without 
any control of the researcher, making the finding authentic. The case study protocol 
increases the reliability of the case as it keeps the researcher focused on the subject 
of the case study (Yin, 2003).  
 
1.3 Aim and objectives 
 
The overall aim of the study is to develop methodologies that can mitigate the impact 
of above ground anthropogenic activities on groundwater resources in ensuring their 
sustainability in sub-Saharan Africa region.  Taking Maiduguri metropolis (the chad 
basin) as a case study area, the following objectives have been formulated: 
 To investigate and assess the multitude of above ground anthropogenic 
activities and their impact on groundwater quality in a typical sub-Saharan 
Africa urban centre.  
 To critically evaluate the key factors that is responsible for both natural and 
anthropogenic contamination and suggests ways of protecting the underlying 
aquifers in the sub-region. 
 To evaluate the problems of groundwater contamination in the case study 
area using a methodology for the engagement of the various stakeholders in 
addressing the situation; which can be replicated across the sub-region.  
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 To carry out modelling of anthropogenic indicator contaminant and establish 
sustainable framework for the protection of vulnerable aquifers in selected 
case study area. 
 
1.4 Research questions 
 
In addressing the myriads of existing gaps in the case study area, the study carried 
out an extensive literature review (Chapter 2) and topically scaled down the relevant 
issues identified therein; which the aim of the study intends to achieve. Thus, the 
research questions of the study were informed by both the literature review and the 
prevailing scenario of the case study area. They are intended to provide insights and 
address the research problems as well as the existing gaps. The following are the 
research questions: 
 What is the current situation with regards to groundwater management in sub-
Saharan Africa urban centre (Maiduguri metropolis)? 
 What is (are) the potential source(s) of contamination that is (are) likely to 
affect the underlying groundwater resources in these countries? 
 How can individuals/organisations responsible for and affected by 
contamination be involved in addressing the current and emerging problems? 
 What is the current management framework and what can be done to develop 
a robust and a sustainable framework that will ensure the protection of 
groundwater from anthropogenic sources of pollution? 
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1.5 Methodology  
 
As stated earlier (section 1.2), the study adopts a case study strategy that utilises a 
mixed (multiple) method research methodology that employs both quantitative and 
qualitative tools of data collection.  The quantitative strand; includes field 
measurements, water level measurement and taking representative groundwater 
and sediment samples using onsite field instruments and techniques, as well as their 
subsequent laboratory analyses. Others are household survey data collection and 
analysis.  
 
The above named methods were achieved by carrying out a detailed 
reconnaissance survey between 2012 and 2014. The first field work was carried out 
between March and May 2012; during this period, topographical and geological 
maps were used to determine the local geology and the various land use activities of 
the area. Pictures of the various sites were taken, and field observations were made. 
 
Also, during the second round of field work in Maiduguri, the researcher in 
collaboration with a technologist from the University of Maiduguri and 2 independent 
research assistants (ad-hoc) carried out a comprehensive inventory of the potential 
pollution sources between January and February 2013. In this regard, the case study 
was divided into two major sites; in order to enable phased and detailed assessment 
of the aforesaid sources. In each case, detailed characteristics of the sites visited 
were recorded in the field log book. This allowed the conceptualisation of the system 
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and practical linkages between the pollution sources and environmental degradation 
were established.  Lastly, sampling points for the collection of representative 
groundwater and sediment samples were identified. A comprehensive detail of the 
methodological approach of the study is outlined in chapter 4.  
The qualitative strand includes an extensive desktop literature review carried out in 
the early stage of the study from October 2011 to February 2012. This was aimed at 
critically evaluating the existing situation and approaches to groundwater 
management in the case study area and across sub-Saharan Africa. Step by step 
details of the qualitative methodological approach is outlined in chapter 4.   
 
1.6 Structure of the thesis 
 
This thesis is presented in 10 distinct but interrelated chapters that are summarised 
as follows:  
Chapter 1 presents a background of the study and the case study area. It outlines 
the problem statement, research justification, rationale for a case study, and aim & 
objectives of the study.  
 
Chapter 2  presents the literature review; the concepts of the origin and occurrence 
of groundwater including the hydrological cycle, the evaluation of the types of 
geological formations, assessment of the various groundwater pollution sources; 
natural and anthropogenic and their potentials. The chapter also, assesses the 
aspects of groundwater contamination and the need for effective management and 
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utilisation in Africa and sub-Saharan Africa. Lastly, various groundwater 
management approaches and their challenges (institutional and socio-economic) to 
effective management across sub-Saharan Africa region were synthesised.    
 
Chapter 3 presents a detailed description of the case study area; location, 
demography, climate and vegetation, relief, geology and hydrogeology, and the 
current problems affecting the case study area. 
 
Chapter 4 presents the design and methodology adopted for the study. It describes 
the various fieldwork and the analytical techniques employed in the study. 
 
Chapter 5 presents the results and discussions of the social and hydrogeological 
dimensions of the study. Result from stakeholder engagement (the interviews, focus 
group discussions and household surveys) and hydrogeological investigations were 
presented and discussed in this chapter.  
 
Chapter 6 aspects of chloride modelling and the development of the alternative 
guidelines for protecting groundwater in the case study area are presented in this 
chapter. 
 
Chapter 7 presents the summary and conclusion, and recommendations for further 
research. 
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1.7 Scope and limitations of the study 
 
This study was undertaken with the following scope and limitations:  
 
1. While the outcomes of the research can be applicable to other areas especially in 
sub-Saharan Africa countries, the discussions presented are based mainly on the 
findings investigated in a local case study (Maiduguri metropolis). Though, the 
findings can be transferable across the region especially the Sudano-sahel region, it 
is worthy to mention that the northern fringe of the region is surrounded by basement 
complex environment which limits the assumptions on the type and nature of 
processes occurring within the sedimentary environment. Taking this into 
consideration, practical limitations exist in the application of the guidelines developed 
by this study in the entirety of the sub-region thereby affecting the overall aim of the 
study.  
 
2. Although the significance of microbial contaminants to the assessments of 
groundwater quality is greatly appreciated, this study‘s laboratory analytical 
assessments of groundwater quality were limited to the physico-chemical 
parameters.  In this respect, the microbial parameters were not included in the first 
design framework of the study. Subsequently, constraints of resources (funds) at the 
stage of data collection compelled the researcher to exclude these parameters; this 
will greatly limit the consideration of this study as a general standard for comparison 
by other studies across the sub-region. 
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3. Chemical analyses conducted were only a snapshot of the local situation; 
therefore, they are not sufficient to provide details of the regional-temporal and 
spatial compositional variations of groundwater quality. Taking this into 
consideration, it is vital to carry out regional assessment of groundwater quality 
trends across the sub-region and compare it with the findings of this study. 
 
4. The study is limited to models developed based on geological, hydrogeological 
(primary and secondary) data obtained. It is noteworthy that the modelling herein is 
theoretical, therefore major limitation exists and future studies need to test the 
validity of this model.  
 
 
1.8 Summary and conclusion 
 
The importance of groundwater for sustainable development in sub-Saharan Africa 
cannot be over emphasised. This chapter has made it clear that socio-hydrogeology 
can be very useful tool for achieving sustainable groundwater management. 
Incorporating social dimensions into hydrogeological problems in developing 
sustainable guidelines for mitigating the impact of onsite sanitation system; 
especially pit latrine in the study area. This chapter presented the background to the 
current problems affecting groundwater resources in the study area, and suggests 
strategies for addressing the challenges. The chapter outlined the aim and objectives 
of the study, methodologies, and the justification of the study. Others are the scope 
and limitations of the study and research outline. The next chapter presents the 
literature review component of the study.    
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CHAPTER 2 
ASPECTS OF GROUNDWATER CONTAMINATION, 
MANAGEMENT, & UTILISATION IN SUB-SAHARAN AFRICA 
 
2. Introduction  
 
The objective of this chapter is to review the key aspects of groundwater occurrence 
and contamination processes in sub-Saharan Africa region.  The chapter outlines the 
review of the aspects related to groundwater including their significance, as well as 
the types and nature of the physical, chemical, and biological processes and 
transformations occurring in the natural sedimentary environment. The chapter 
continues with the outlining of the organic and inorganic contaminants found in a 
typical hydrogeological environment. It also includes an assessment of the various 
groundwater pollution sources; natural and anthropogenic and their potentials.  Also, 
the chapter presents a review of the groundwater quality standards and the adopted 
groundwater sampling method in the study.  
 
Besides, the chapter presents a synthesis on the issues related to occurrence and 
aspect of contaminant processes in a typical sedimentary basin in sub-Saharan 
Africa. Additionally, overview of the existing approaches to groundwater 
management in sub-Saharan Africa, institutional frameworks and instruments 
available for groundwater management are presented. Lastly, the chapter evaluates 
the various sustainability based approaches used in the management of 
groundwater resources. 
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2.1 Groundwater  
 
As the name implies, groundwater is the water that is found in the earth's sub-
surface (Figure 2.1); contained between the pore spaces of sediments and fractures 
of crystalline rocks (Freeze and Cherry, 1979; Younger, 2007; Mendes and Ribieiro, 
2014). It primarily originates from precipitation (rainfall and snow); after rain or snow 
fall, a significant volume of water infiltrates into the ground (Figure 2.2) and 
continues to exist in the zone of aeration or saturation accordingly, this precious and 
vital natural resource is central to human life and economic prosperity. Previous 
studies (Lvovitch, 1972; Buchanan, 1983; Foster et al., 1998; Chilton, 1992; 1996; 
NGWA, 2010) show that groundwater is an important component that contributes 
significantly to the global hydrological system and makes up about two-third of the 
accessible global fresh water reserves.  
 
Figure 2.1 A cross-section showing the distribution of groundwater (USGS, 2010) 
Currently, it is believed that about 85% of the total population of sub-Saharan Africa 
depend directly on this vital resource (UNDP, 2000). Studies carried out in Africa 
(Todd, 1980, Chapman, 1996, USEPA, 2001; McDonald et al., 2005; NGWA, 2010); 
USGS, 2010; UNDP, 2010) showed that groundwater accounts for about 80-90 
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percent of agricultural water utilisation and domestic water supplies in the rural areas 
of Africa.  
 
Figure 2.2 Hydrological cycle describing origin of groundwater (Chilton, 2002) 
 
In sub-Saharan Africa, groundwater occurs in four major hydrogeological 
environments. Each of these environments needs the application of different 
hydrogeological methods for exploring and abstracting groundwater resources (Lake 
and Soure, 1997). Furthermore the different hydrogeological environments also 
require different strategies in ensuring the protection of their underlying aquifers.  
 
 At present, over 90% of the African population depend directly on groundwater 
(UNDP, 2000). In this regard, MacDonald and Davies (2000) carried out a holistic 
review of the occurrence of groundwater in sub-Saharan Africa and identified the 
four distinct environments as crystalline basement, volcanic rocks, consolidated 
sediments, and unconsolidated sediments. Also, according to a British Geological 
Survey report (2000) about 220 million people in sub-Saharan Africa region get their 
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groundwater supplies from crystalline basement rocks. Consolidated sedimentary 
rocks sustain about 110 million across the sub-region while unconsolidated 
sediments sustain about 60 million people. Lastly, a total of about 45 million people 
get their groundwater supplies from volcanic rock environments (BGS, 2000).  
 
2.2 Characteristics of hydrogeological environment in sub-Saharan 
Africa 
 
According to their origins, mode of formation, and occurrence; hydrogeological 
environments and aquifer materials in sub-Saharan Africa can be classified as 
deposits of various sedimentary or metamorphic rocks. Aquifers that trace their origin 
from fluvial processes are typically made up of gravel, silt, and clay which are 
subsequently subjected to diagenesis, cementation, and other secondary 
sedimentary processes (Freeze and Cherry, 1979; Yaron et al., 2012). 
 
Aeolian deposits containing sand or silt are more homogeneous than fluvial deposits. 
Globally, glacial, fluvial, and Aeolian-deposits; including glacial till, glacio-fluvial, and 
glacio-lacustrine sediment are the chief aquifer materials. Sedimentary rocks, 
containing sandstones and carbonates constitute the materials or bodies of major 
hydrogeological importance (Smith et al., 2011).  
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According to Grey et al. (1995) sandstone alone, makes up about 25% of the entire 
sedimentary rocks; they are mostly formed from the transportation, layering, and 
compaction of unconsolidated materials, which are consequently cemented by 
materials like quartz, calcite, and clays in the environment of their deposition. On the 
other hand, carbonate rocks are chiefly made up of aragonite often occurring as 
calcite and dolomite with small proportions of clay. These geological materials have 
porosity that ranges between 20 to 50%, but in contrast to the sandstones, their 
porosities tend to decrease with increasing depth (USGS, 2010). Crystalline 
materials such as Igneous and metamorphic rocks have very low porosities often 
smaller than 2%; they are characterised by a minute permeability (Yaron et al., 
2012). A summary of the various hydrogeological environments and their mineral 
constituents are summarised in Table 2.1. 
Table 2.1 Summary of the major hydrogeological environments and their composition 
in sub-Saharan Africa 
Hydrogeological environment Mineral assemblage 
Sandstone  Quartz, Feldspars and other rock forming 
minerals 
Siltstone  Quartz and clay minerals 
Clay  Clay minerals  
Limestone/dolomite Calcite, aragonite, and some rock forming 
minerals 
Basalt  Plagioclase, Augite, Olivine, Pyroxene and 
some rock forming minerals  
Granite Feldspar, Plagioclase, and Quartz 
Source: Yaron et al. (2012) 
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2.2.1. Hydrogeological environment solid phase 
 
The solid phase of the hydrogeological environment is a permeable media made up 
of an agglomeration of both inorganic and organic natural materials in different 
segments of development. The surface area and the chemical properties of the solid 
phase are the foremost factors that control the behaviour of chemicals in the 
subsurface environment (Molle, 2009). Based on their origin, minerals that constitute 
the solid phase are clustered into two broad classes (Table 2.2). Primary minerals 
are those that have not undergone chemical modification since the time of their 
crystallisation from the molten magma and their subsequent deposition. Primary 
minerals have a tendency to have low surface area (e.g., silica minerals) and low 
reactivity, these characteristics essentially affects the physical transport of water, 
dissolved chemicals, colloids, immiscible (in water) liquids, and vapours (Newson, 
2009).  
 
On the other hand, secondary minerals are those minerals that results from the 
weathering and decomposition of primary minerals and they later precipitate into 
new, chemically separate minerals. Secondary minerals ordinarily tends to have high 
to very-high surface area (e.g., clay minerals), and high reactivity that has the 
potentials to affect the transport of chemicals, and they have the tendency to retain 
and release against and from the solid phase (Goldsten et al., 2012). Also, the solid 
phase can ultimately prompt the degradation of chemical compounds, through its 
effects on the water-air ratio in the sub-surface and on microbiological processes 
(Berkowitz et al., 2008). 
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Table 2.2 Summary of primary and secondary minerals 
Primary minerals  Secondary minerals  
Quartz (SiO2) Kaolinite  
Feldspars (Na,K)AlSi3O8 Smectite 
Muscovite KAl2(Al Si3O10)(OH)2 Vermiculite 
Hornblende (Ca, Mg, Fe, Na, Al,)7 (Al,Si)8 
O22 (OH)2 
Chlorite 
Augite (Ca, Mg, Fe, Al) (Si, Al) (Si, Al)2 O6 Imogolite 
Olivine (Mg, Fe)2 SiO4  
 
Gibbsite 
 Goethite 
 Hematite 
 Birnessite 
 Calcite 
 Gypsum 
Source: Berkowitz et al. (2008)  
 
2.2.2 Hydrogeological environment Liquid Phase 
 
Within the underlying hydrogeological environment, there are two clearly defined 
liquid phase regions (Figure 2.3). The first zone encloses water near the solid 
surfaces and is seen as the most essential shallow reaction zone. This zone is 
affected by the physical properties of the solid phase and it controls the diffusion of 
the mobile segment of the solute adsorbed on the solid phase. The second zone 
encompasses the free water zone, which has the affinity to control the liquid and 
chemical flow in the medium (Peach et al., 2000; Berkowitz et al., 2008).  
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Figure 2.3 Configuration of sub-surface liquid phase environment (USGS, 2010) 
 
The configuration and reactivity of the liquid phase is a function of the infiltrating 
water quality and is often controlled by the various materials that make up the region, 
and the dynamics resulting from the solid phase, bacteriological processes, and the 
gas phase. The subsurface liquid phase is largely an enormous and unhindered 
system, its composition derived from the dynamic transformation of dissolved 
elements occurring in countless chemical species over a variety of reaction time 
scales (Weinhold, 1996; Berkowitz et al., 2008; Yaron et al., 2012). 
 
2.2.3 Hydrogeological environment Gaseous Phase 
 
The subsurface gas phase is composed mostly of the most common gases; CO2, N2, 
and O2, which are the most important gases occurring in the atmospheric cycle. This 
gaseous phase is controlled by the moderate porosities and moisture contents of the 
subsurface environment, and can support the movement of organic fragments in the 
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vapour phase; it can also affect microbiological processes and subsequently define 
chemical persistence in near surface environment (Yaron, 1996; White and Howe, 
2003). 
 
Gaseous passage through pore spaces makes the subsurface gaseous phase an 
essential conduit for subsurface pollution by unpredictable toxic chemicals. From the 
gaseous phase, chemicals might be adsorbed on to solid surfaces or can be 
dissolved in subsurface water. Also, the transport of water as vapour into pores 
might lead to the formation of a water layer that covers potential vacant sites for 
nonpolar gaseous pollutants, thus reducing pollutant fixation on the solid phase (Paul 
and Clark, 1989; Waylen et al., 2011). 
 
2.3 Types of Contamination processes occurring in the Sedimentary 
Environment  
 
Physical contamination processes occurring in the natural sedimentary 
(hydrogeological) environment are governed by four principal mechanisms: 
advection, dispersion, straining, and physicochemical particle-surface interactions 
(McDowell-Boyer et al. 1986; Zheng and Bennett, 1995; Berkoweitz et al., 2008).  
Sorption of contaminants onto the surfaces of geological materials (sediments) in the 
saturated zone is an essential physical process that decreases the concentration of 
organic and inorganic contaminants in the groundwater (Lapworth et al., 2012).  
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Numerous studies have investigated the sorption potentials of geological materials 
(e.g. Casey et al., 2004; Wang et al., 2009; Olshansky et al., 2011), most of the 
studies revealed that soil carbon and clay materials play significant roles in the 
physical processes occurring within the sedimentary environment. Many scholars 
(e.g. Redshaw, 1979; Fetter et al., 2004; Van Genutcten et al., 2005; Mondal and 
Singh, 2009) concede that the physical processes are controlled by Darcy‘s Law 
(see section 2.8.1.7 for more details on Darcy‘s law) in the unsaturated zone of the 
hydrogeological environment.  
 
Chemically, adsorption is the chief chemical contamination processes occurring in 
the natural hydrogeological environment (Price et al., 2000; BGS, 2003). 
Accordingly, adsorption eliminates toxic compounds within the subsurface, and it 
affects the fate of contaminants within the sedimentary environment (Haria et al., 
2003; Yaron et al., 2012). In this regard, many authors (Oades and Muneer, 1989; 
McBride, 1994; Petersen et al., 1995; Greenland and Hayes, 2001; Sparks 2006; 
Hasset and Banwart, 2009) have reviewed and documented all the issues related to 
adsorption of ionic and non-ionic compounds in different hydrogeological 
environments. 
 
Furthermore, a set of biological and biogeochemical processes are occurring in the 
geo-system. The presence of active microscopic organism populations is mainly 
responsible for the biogeochemical transformation of contaminants (Alexander, 
2000). Accordingly, the transformation process occurring in the hydrogeological 
environment could result due to primary metabolic reactions within the subsurface 
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(Keeney, 1983; 2002). Detailed list of the key biological transformation processes 
occurring in sedimentary environments are investigated and summarised by many 
authors (e.g. Lovely, 1993; Bollag and Liu, 1999; Paul and Clark, 2002; Sims and 
Pierzjinski, 2005; and Berkowitz et al., 2008).  
 
Additionally, multitudes of ion exchange processes occur within this environment; 
where alkali metals derived from the primary minerals react with the various anions. 
Heavy metal cations derived from anthropogenic sources take part in exchange 
reactions with clay minerals, and cationic organic contaminants compete with 
mineral ions (Mc Bride, 1994; Hayes, 2001; Fetter et al., 2004; Yaron et al., 2012). 
 
Lastly, several authors (Morgan et al., 1993; Rabus and Widdel, 1996; Bregnard et 
al., 1997; McRae et al., 1998; Broholm and Arvin, 2000; McQuarrie et al., 2001; 
Pabich et al., 2001; and Hartog et al., 2004) carried out geochemical investigation of 
potential anthropogenic contaminants such as nitrate, sulphate, and phosphate in a 
clastic sediment dominated hydrogeological environment. They all confirmed that the 
physical characteristics of sandstone formations tend to affect the geochemistry of 
these contaminants.  
 
In another perspective, Cervantes et al. (2001), Smith (2002) and Olshanky et al. 
(2011) carried out an investigation and confirmed that complex organic compounds 
and petroleum products undergo biologically meditated biodegradation under aerobic 
and anaerobic conditions.  Also, Reineke (2001) showed that bacteria found in the 
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subsurface initiate the oxidation of unsubstituted aromatic compound to form cis-
dihydrodiol and by additional oxidation to form catechol. Furthermore, Smith (2001), 
Seiler and Vomberg (2005), Langman et al. (2008), and Cervantes et al. (2001) 
verified the prospect of microbially influenced degradation of complex organic 
compounds and petroleum products in a typical arid sedimentary environment.  
 
Likewise, Cannavo et al. (2004) established a comparable pattern of denitrification 
potential in an unsaturated zone, beneath a corn field in a sedimentary environment. 
They argue that the rate of denitrification was controlled by the supply of organic 
carbon in the upper layers (<5m). At deeper depths exposure to nitrates becomes 
limited. Similarly, Rodvang and Simpkins (2001) investigated the reduction of 
phosphorus by biological processes occurring within the subsurface. They suggest 
that phosphorus can be adsorbed strongly to the particles of the clastic materials and 
is capable of combining with various metal cations such as iron, aluminium, 
manganese, and calcium to form stable and new minerals. 
 
Lastly, the decrease in contaminant load in aqueous solution via sorption is doubtful 
considering the mobile nature of the anthropogenic contaminants; therefore the 
contaminant load is likely reduced by dilution through mixing with uncontaminated 
water or by microbial degradation of the contaminants prompted by reduction of 
nitrate under hypoxic or anoxic conditions (Finegan, 1996; Vomberg, 2005; Langman 
et al., 2008).  
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2.4 Groundwater quality standards in sub-Saharan Africa region  
 
Generally, anthropogenic activities attributed to groundwater quality degradation 
have enticed many researchers (such as Foster et al., 2002; Morris et al., 2003) and 
international development partners working in Africa such as WHO, UNICEF, and 
World Bank and African Development Bank  to call for the strict adherence to 
groundwater quality standards across the sub-continent and Africa as a whole.  
 
Groundwater quality standards outline the allowable levels of contaminants found in 
groundwater.  Quality standards are designed principally to protect the health of the 
citizenry, environment, and aquatic fauna and flora (USEPA, 2010). They are also 
regarded as regulatory mechanisms that list and specify the standard qualities of 
groundwater for the preferred domestic and industrial use (Morris et al., 2003).  
 
As a global practice, most countries have their standard water quality criteria and 
guidelines that enable them to regulate the amount of contaminants allowed in their 
various water sources (Onemano and Otun, 2003). However, countries with minimal 
technological and economic capacities continue to struggle in developing their 
guidelines. In bridging this gap, the WHO rolled out its first set of global water quality 
standard in (1983-1984) and second (1993-1997), the WHO published the first and 
second editions of the Guidelines for Drinking-Water Quality (GDWQ), covering 
respectively the physical, chemical and microbiological aspects of water quality 
(WHO, 2006).  
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These guidelines are updated frequently based on the outcome of the global 
scientific research and consultations with various stakeholders in the water, health, 
and sanitation sectors (WHO/UNICEF, 2000). A universal and comprehensive 
information on the Guidelines for Drinking-water Quality which includes minimum 
procedures and specific guideline values, and how those requirements are intended 
to be used was documented and published by WHO (2011).  
 
In sub-Saharan Africa, studies such as Foster et al., (2000), Morris et al. (2003) have 
shown that there is the need for developing countries to fully adopt and implement 
the anti-degradation strategies that will help mitigate the negative impacts of 
contaminants on underlying groundwater bodies (WHO, 2006; 2011). Furthermore, 
Henley (2000) and USAID (2009) stressed that most countries in sub-Saharan Africa 
are recently making attempts to implement the global standard of reducing the effect 
of harmful substances that affects their underlying aquifers. 
 
Therefore, the proper implementation of the WHO guidelines in sub-Saharan Africa 
countries will ensure the safety of drinking water supplies will be achieved through 
the reduction of the concentration of contaminants to the barest minimum.  
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2.5 Groundwater sampling strategies and protocols 
 
The general procedures for the collection of representative groundwater sample 
have been widely recognised in the literature (e.g. Barcelona, 1994; USGS, 2010; 
Guerin et al., 2014). Also, methodologies for the identification and monitoring of 
sampling points have been published in the last few decades (Kearl et al., 1994; 
USEPA, 2002; 2013; Barcelona et al., 2004; USGS, 2010; Greacen and Slivia 2012). 
 
In general, the documented guidelines often consider groundwater sampling in the 
framework of overall monitoring plans, thereby providing simple details on how to 
obtain and handle the samples onsite and in the laboratory (USGS, 2010). However, 
the collection of a specified number of representative samples for hydrochemical and 
geochemical analyses varies according to the nature of study and the problems at 
stake (Claasen, 2006).  
 
Therefore, there is no fix rule in selecting or choosing the type of parameters and 
number of groundwater samples to be analysed for investigative purposes (Wood, 
2013). In view of this, Barcelona (2004) argues that the selection of the physical, 
chemical, and organic parameters is important in determining the quality of 
groundwater in assessing its suitability of groundwater for domestic consumption. 
Also, Tricks (2009) stated that for investigative efforts, additional information can be 
included subsequently as the conditions of the case study become clear. 
 
In the case of parameter selection, many authors (Hem, 1985; Cook et al., 1989; 
Parker and Clark, 2002; Guerin et al., 2014) conclude that the selection of 
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parameters for hydrochemical analyses can be determined by the researcher. 
Taking this into consideration, the study selected anthropogenic indicator parameters 
(anions) such as: Cl, SO4, NO3, HCO3, and PO4, others are cations such as Ca, Mg, 
Na, Cl, and Mg. These cations and anions can reveal the prevalent anthropogenic 
activity that results in the contamination of groundwater (Kerndorff et al., 1992; 
Tricks, 2009; USGS, 2010; Tran et al., 2014).  
 
2.6 Groundwater Management and Utilisation in Africa 
 
Groundwater management in sub-Saharan Africa is characteristically more 
complicated because of three defining features (Tuinhof et al., 2011). Firstly, unlike 
surface water, groundwater is easily appropriated, this allow individuals to possess 
rights to the water under their domain (Weinjen et al., 2012). Secondly, the readily 
available nature of groundwater enables the local water users from restraining 
governance within a catchment (Shiklomanov, 1999). Thirdly, it is often very difficult 
for even groundwater specialists to measure this invisible natural resource; thus, it is 
always difficult to manage what you cannot see (UNDP, UNEP and World Bank, 
2000).  
 
Even though natural factors have placed greater protection on groundwater against 
pollution in most parts of sub-Saharan Africa, up till today there are severe water 
quality problems in Africa especially around the large urban areas of the continent 
(UNDP, 2000; 2010). Most recently, a shift towards Integrated Water Resource 
Management (IWRM) as a policy initiative was adopted by most sub-Saharan African 
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countries (Biswas, 2004). The IWRM takes into cognisance the various individual 
groups, national governments, and multi-lateral regional organisations.  
 
In sub-Saharan Africa, national and state or provincial water agencies are solely 
responsible for the management of groundwater resources (Pavelic et al., 2013). In 
most cases, groundwater is strictly governed by the various government agencies at 
the central and state or provincial levels across the region (Adelana, 2003). Also, 
according to the assessment carried out by AICD (2011), the institutional and 
regulatory framework for the management of this important natural resource is weak 
across the region. Also, Foster and Ait-Kadi (2012) revealed that sustainable 
groundwater management in sub-Saharan Africa failed due to weak governance 
structure operated by the responsible agencies. Sub-section 2.6.1 to 2.6.3 evaluates 
the approaches to groundwater management in the various sub-regions of sub-
Saharan Africa. 
 
2.6.1 Groundwater Management and Utilisation in the West African Sub-
region 
 
In West Africa, abundant sedimentary basins (the Iullemeden, Taoudeni, Chad, and 
the Senegal-Mauritania and the coastal basins of Gulf of Guinea) dominate the entire 
region; where thick sediments extend from the Quaternary to Cambrian. In this 
region, the bulk of the groundwater resource is used for drinking as potable water. 
According to a study carried out by some authors (Van Lanen, 1999; Adelana, 2003; 
Barry and Obuobie, 2011; Pavelic et al., 2013) groundwater accounts for about 93 
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percent in Niger, 75 percent in Nigeria, and 57 percent in Mali and Burkina Faso 
respectively.  
 
2.6.2 Groundwater Management and Utilisation in the Southern Africa 
Region 
 
In the Southern Africa region, groundwater is often regarded as the solitary source of 
water and is used for domestic, agricultural and industrial uses. In South Africa, 
Zimbabwe, Mauritius and Namibia there is a significant amount of groundwater used 
for irrigation (Braune et al., 2008; Tindimugaya, 2010; Nonde, 2011), in Tanzania, 
Kenya and Botswana they use it mainly for drinking and other domestic purposes 
(Ministry of Water Zimbabwe, 1987; Ndiritu, 2011; Pavelic et al., 2013). In this 
region, the urban water supplies (excluding small towns and villages) are supplied 
from surface water sources (UNDP, 2010). Groundwater management in African 
countries is the responsibility of the various government agencies as summarised in 
Table 2.3.  
 
2.6.3 Groundwater Management and Utilisation in Eastern Africa Region 
  
In Eastern Africa, the management of the available water resources are vested on 
the various national governments (Table 2.3) ((World Bank, 2010). Drinking water 
supplies are obtained from groundwater in most rural areas and small towns. 
Statistics show that the dependence on groundwater in Ethiopia is 86% (Ayenew et 
al., 2005), Kenya (51%), Somalia (71%), Tanzania (58%), and 71% in Uganda 
(Tindimugaya, 2010; Tewari, 2009; Mumma et al., 2011). 
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Table 2.3 Summary of regional groundwater management institutions and legislation 
in sub-Saharan Africa region 
Region/Country Institution 
responsible for 
water management 
Legal instrument Source 
West Africa Region    
Burkina Faso Ministry of 
Environment and  
Water 
Water Management 
Policy Act (2001) 
Obuobie and Barry 
(2004) 
    
Mali Ministry of Mines, 
Energy and Water 
Water Code (No. 02-
006:2002) 
Barry and Obuobie 
(2011) 
    
Niger Ministries of 
Hydraulics, 
Agriculture 
Law No. 98-041 Barry and Obuobie 
(2011) 
    
Nigeria Federal Ministry of 
Water Resources, 
River Basin 
Development 
Authorities 
RBDA Act 1986, WRA 
1993, National Water 
Policy (2000) 
Adelana (2003) 
    
East Africa Region    
Ethiopia Ministry of Water 
Resources 
Proclamation No. 
197/2000 
Ayenew et al. 
(2005) 
    
Kenya Water Resources 
and Planning 
Department 
Water Act Cap 372, 
Water Act 2002 
Pavelic et al. (2012) 
    
Somalia Water Development 
Agency 
Draft Water Act 2004 Ndiritu (2011) 
    
Tanzania Ministry of Water Water Resources Act 
2009, National Water 
Policy 2002 
Kashaigili (2003) 
    
Uganda Ministry of Water and 
Environment 
Water Act (2000), 
National Water Policy 
(1999), Water 
Resources Regulation 
(1998) 
Tindimugaya (2010) 
    
Southern Africa 
region 
   
Malawi Ministry of Irrigation 
and Water 
Development 
Water Resources Act 
1969, Irrigation Act 
2001 
Pavelic et al. (2012) 
    
Mozambique Regional Water 
Administration 
Department 
National Water Policy 
1995, 2005 
Pavelic et al. (2012) 
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South Africa Department of Water 
Affairs and Forestry 
Water Act 1956, 
Water Act 2005 
Tewari (2009) 
    
Zambia Department of Water 
Affairs 
Water Policy 
Document 1994, Cap 
312 Laws of Zambia 
Nonde (2011) 
    
Zimbabwe Zimbabwe National 
Water Authority 
 National Water Act, 
2000 
Masiyandima 
(2002) 
 
 
2.7 Groundwater contaminants and contamination issues in sub-
Saharan Africa 
 
In many parts of Africa, groundwater contamination is largely attributed to human 
activities (urbanisation and agricultural practices) (Foster et al., 1998). Available 
groundwater resources in most parts of Africa are at risk of contamination due to the 
ever increasing impact of uncontrolled above ground anthropogenic activities 
(USEPA, 2011). 
 
In this region, the major sources of groundwater contamination include on-site 
sanitation facilities, agricultural activities and other non-point sources (Foster et al., 
1993; 1998; WHO/UNICEF, 2000; Putra, 2008). In conformity with this, Wakida and 
Lerner (2005) carried out an investigation across sub-Saharan Africa urban centres 
and confirm that these centres are the areas with the most significant pressure on 
groundwater systems. 
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Both anthropogenic and natural sources of contamination (Table 2.4) are playing a 
significant role in the deterioration of groundwater quality. To this effect, the potential 
contaminant types and their sources as well as the potential health issues related to 
them in the case study area are summarised in Table 2.4. 
 
Table 2.4 Summary of groundwater contamination problems 
Problem  Causes  Concerns  
Anthropogenic pollution Poor aquifer protection 
against human discharges 
and leachates from 
anthropogenic sources 
 
Increasing agricultural 
activities 
 
Pathogens, nitrates, 
ammonium salt, Chloride, 
sulphates, heavy metals, 
complex organic 
compounds 
Nitrates, chlorine, 
pesticides 
Naturally occurring 
contamination 
Associated with 
dissolution of minerals in 
the sub-surface 
 
 
Mainly iron, fluoride, 
arsenic, iodine, 
manganese, aluminium, 
magnesium 
 
   
Source: Foster et al., 1998 
 
The likely sources of pollution and their potential health effects are summarised in 
Table 2.5 as follows: 
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Table 2.5 Potential contaminants and their associated health issues 
Nature of contamination 
source 
Type of contaminants Potential health effects 
Anthropogenic    
Urbanisation and population 
growth  
Chloride  Excessive amounts leads to 
congestive heart failure 
 Nitrate Methaemoglobinaemia  
 Sulphate Catharsis in adult males 
 Phosphate  Renal effects 
   
Agricultural sources Nitrite Carcinogenicity 
 Nitrate Same as in nitrate above 
 Sulphate Same as in sulphate above 
 Phosphate Same as in phosphate above 
 Chloride  Same as in chloride above 
   
Natural sources   
Geological materials Sodium Convulsion, cerebral oedema 
 Calcium Cardiovascular risks 
 Iron Haemochromatosis 
 Manganese Neurological impairment 
 Nickel Haemianopsia 
 Zinc Diarrhoea, gastroenteritis 
 Cadmium Osteomalacia 
 Potassium Nausea, diarrhoea 
 Alluminium No known effects 
 
 
In relation to this, Howard et al. (2003) and Cronin et al. (2004) carried out an 
assessment of urban groundwater quality in Mozambique and they established that 
the shallow groundwater quality had been compromised due to excessive 
proliferation of onsite sanitation systems in informal settlement areas. 
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In addressing these problems, Schmoll et al. (2006) stressed the need to identify the 
relationship between the above-ground anthropogenic activities and the underlying 
aquifers in urban areas. Also, Zaporozec (1994) argue that an assessment of the 
magnitude of the anthropogenic activities is important in making plans for a holistic 
risk assessment. Furthermore, Schmoll et al. (2006) uphold that appraising the 
potentials of urban pollution loading needs the understanding of the demographic 
densities in the various types of settlements across sub-Saharan Africa region. 
However, Forster et al. (2010), cautioned that the effect of the negative impact can 
be minimised by the local geology and confirms that this can vary greatly across the 
continent. 
 
Likewise, agricultural activities are believed to be the major source of groundwater 
contamination in developing countries. In sub-Saharan Africa, many studies (Kelly 
and Ray, 1999; USEPA, 2002; Hallberg and Keeney, 2003) have investigated the 
impact of agricultural activities on groundwater systems. In this respect, Guan & 
Holley (2003), and Ross & Donnison (2003) reported that the excessive application 
of chemical fertiliser and other organic compounds have compromised the quality of 
groundwater resources across the sub-Saharan Africa region. Similarly, the impact 
of irrigation farming has been reported in the region (Hallberg and Keeney, 2003; 
Bolan et al., 2003; Dexcel, 2004; Mahvi et al., 2005). 
 
Furthermore, groundwater contaminations due to industrial activities were 
investigated by various authors (Postma et al., 1991; Kelly and Ray, 1999; USEPA 
2002; Smedana and Shiati, 2002). In view of this, a comprehensive list of industrial 
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processes and their effect on groundwater resources in Africa are documented by 
UNEP (1996).  
 
Lastly, extensive discussions continue about the nature and type of damage 
contaminated groundwater can cause to human health, and the exact levels over 
which they pose health risks in Africa and other developing countries. This issue 
have been evaluated by many scholars (Burmaster and Harris, 1982; Calabrese et 
al., 1985; Hanley and spash, 1993; Fordyce, 2013; Seth, 2014). 
 
2.8 Groundwater Sustainability in Sub-Saharan Africa 
 
The issues concerning the sustainability of groundwater resources is reviewed and 
documented by Loucks (2000). Also, Loucks and Gladwell (1999) have identified the 
most common issues affecting the integrity of groundwater resources. Groundwater  
Sustainability signifies an optimal state of balanced recharge and abstraction (De 
Carvalho et al., 2009).  
 
Also, Narasimhan and Kretsinger (2003) and Kretsinger and Narasimhan (2005) 
view sustainable groundwater management as the act of balancing withdrawal and 
recharge of groundwater in an aquifer with the intention of achieving long-term 
sustainability of the resource. This definition was corroborated by Nwankwoala 
(2011) in his analysis of the approaches to groundwater management in Nigeria.  
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However, authors such as Loucks (2000), Llamas et al. (2006), and Alley and Leak 
(2004) argue that realistic attempt to quantify the sustainability are not yet made 
clear in spite of the wide discussions in the scientiﬁc, academic and water 
management domains. In a related development, the Council of Canadian 
Academies (2009) and Knuppe (2011) note that the global groundwater governance 
policy makers needs to put in place a single bench mark that can be used in 
measuring the sustainability of water resources.  
 
2.8.1     Sustainability-based Approaches for Groundwater Management 
  
Major approaches to sustainable groundwater management includes; protection from 
depletion, protection from contamination, conjunctive use of surface and 
groundwater, artificial recharge, participatory governance, and adaptive 
management (Kinzelbach et al., 2003 Datta, 2005; Evans et al., 2008; Schwartz and 
Ibaraki, 2011).  Each of these approaches are discussed in below: 
 
2.8.1.1 Protection of Groundwater Supplies from Depletion 
 
Sustainable groundwater management strives for the prevention of an uninterrupted 
and long-term reduction in groundwater quantity (Schwartz and Ibaraki, 2011). 
Therefore, safeguarding groundwater from exhaustion is a sustainable idea that 
requires striking a balance between the estimated recharge rate and the volume of 
water abstracted in an area (Datta, 2005). In this regard, most arid nations have 
developed policies that restrict the haphazard withdrawal of groundwater in 
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guaranteeing its sustainability. Once excessive depletion of groundwater occurs, the 
economic consequences will be severe; especially in arid and semi-arid regions 
(Galloway et al., 1999). 
 
2.8.1. 2 Protection of Groundwater Quality from Contamination 
 
Sustainability entails that groundwater quality is not conceded to substantial 
degradation of its physicochemical and biological characteristics (Kretsinger and 
Narasimhan, 2005). The consequences of poor groundwater quality can undesirably 
affect human health, fauna and flora, and the environment at large (WHO, 2006; 
2011).  Protection of groundwater contamination in rural and urban setting is a 
supportable model that seeks to ensure the safety of the citizenry and sustainable 
development (Schwartz and Ibaraki, 2011). 
 
2.8.1.3 Conjunctive Use of Groundwater and Surface Water  
 
The conjunctive use of water resources is an essential sustainability method of 
utilising water from two different sources for domestic consumption and other 
purposes (Evans et al., 2008). Therefore, the planned conjunctive use of the 
available water resources is an important sustainability model that provides 
socioeconomic benefits by significantly increasing water use efficiency for villages, 
towns and cities (Evans et al., 2008). 
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2.8.1.4. Artificial Recharge 
 
Artificial recharge is a man-made recharge technique aimed at augmenting the 
quantity of groundwater through carefully designed engineering works intended to 
increase the volume of underlying aquifers for future use (UNEP, 1996). 
Groundwater recharge is a very important factor for ensuring sustainability of water 
resources in the arid and semi-arid regions of the world (Kinzelbach et al., 2003). 
Numerous artiﬁcial-recharge techniques and their applications are reviewed and 
documented in USGS (2010). 
 
2.8.1.5 Participatory Groundwater Management 
 
The inclusion and active participation of stakeholders in managing groundwater 
resources is an integral element of attaining sustainability (Garduno, 2010). 
Participatory groundwater management was clearly spelt out in the Dublin 
Declaration of 1992. Groundwater stakeholders are those individuals and a group of 
individuals who have a substantial interest in the resources base of a particular 
region. This is either because these individuals or group of individuals use 
groundwater, or their activities could potentially cause or prevent groundwater quality 
deterioration, or it is because they are concerned with issues associated with the 
governance of groundwater and the overall environmental management (Garduno et 
al., 2010). 
 
50 
 
Also, the participation of relevant stakeholders in the management of groundwater 
resources can occur at the various societal levels ranging from the single individual 
level to the regional or national level (Foster and Garduon, 2013). In view of this, 
Garduno et al. (2013) argue that stakeholder participation at all levels should be 
encouraged because it provides the desired protection for the underlying aquifers, 
and it ensures well-being of the citizenry.  
 
Firstly, in any participatory groundwater management, stakeholders are identified 
and categorised. In this respect, a comprehensive list of stakeholder analysis 
methodologies are outlined in Friedman and Miles, 2006 and Reed et al., 2009.  
Also, Mitchell, Agle and Wood (1997) offer a model of stakeholder identification and 
salience based on the attributes of power, legitimacy and urgency. Furthermore, 
Philips (2003) distinguishes between normative stakeholders, derivative 
stakeholders and dangerous or dormant stakeholders.  
 
Likewise, Sabrimanian and Siromony (2013) carried out a study in rural India on the 
need for stakeholder involvement in addressing problems of drinking water.   
Contrastingly, Knuppe and Pahl-wostl (2012) investigated three case studies in 
South-Africa, Kenya and Tanzania on the requirements for adaptive management of 
groundwater. They all stressed the importance of participatory groundwater 
management and summed up the challenges associated with it. 
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2.8.1.6 Adaptive Management of Groundwater Resources 
 
The adaptive management approach is a philosophy that ensures sustainability of 
the water system (Pahl-Wostl, 2007). It allows societies and individuals to develop 
adaptive management capacities. The idea was first discussed and used in 
ecosystem management (Holling, 1978; Walters, 1986; Pahl-Wostl, 2007). The 
capacity to adapt and to shape change is an important component of resilience in 
social-environmental systems (Berkes et al., 2003). Adaptive management is 
frequently put forward as a realistic framework to deal with the complexity of 
ecosystem management and for optimal use and control of natural resources 
(Holling, 1978; Gunderson, 1999; Walket et al., 2004).   
 
2.8.1.7 Ground water modelling as a tool for sustainable groundwater 
management  
 
There is a growing interest in modelling groundwater resources in recent times 
(Sivapalapan, 2014).  The MODFLOW MT3DMS (Modular Transport Three 
Dimension Simulator) is designed to simulate aquifer systems in which (1) saturated 
flow conditions exist, (2) Darcy's Law applies, (3) the density of ground water is 
constant, and (4) the principal directions of horizontal hydraulic conductivity or 
transmissivity do not vary within the system. These conditions are met for many 
aquifer systems for which there is an interest in analysis of ground-water flow and 
contaminant movement. Simple and complex numerical codes were developed by 
USGS (2010) to carry out groundwater modelling.  
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Darcy‘s law is a simple proportional relationship between instantaneous discharge 
rate through a porous medium, the viscosity of the fluid and the pressure drop over a 
given distance. It forms the scientific basis of fluid permeability used in earth 
sciences particularly in hydrogeology. It is based on the flow of water through beds 
of sand (USGS, 2002). Darcy conducted experiments relating to water‘s flow through 
sand, which resulted in the development of Darcy‘s Law (Figure 2.4).    
 
 
Figure 2.4 Darcy’s esperiment demonstrating water flow through sand (USGS, 2002) 
 
Darcy discovered that the flow through the pipe is proportional to the head 
differential, and is also proportional to a coefficient related to the nature of the sand. 
This coefficient is what we now understand as hydraulic conductivity. Darcy‘s 
filtration law and continuity equation are applied to the solution of seepage by 
classical methods. For stationary, creeping, incompressible flow, Darcy‘s law is 
expressed as: 
 
        (1) 
Where μ is the viscosity, ui is the velocity in the i direction, gi is the gravity 
component in the i direction and p is the pressure. Assuming the viscous resisting 
force is linear with the velocity can be written as: 
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                  (2) 
Where φ is the porosity and κij is the second order permeability tensor. This gives the 
velocity in the n direction: 
     (3) 
This gives Darcy's law for the volumetric flux density in the n direction as: 
         (4) 
In isotropic porous media the off-diagonal elements in the permeability tensor are 
zero, κij = 0 for i ≠ j and the diagonal elements are identical, κii = κ, and the common 
form is obtained as: 
          (5) 
 
The MODFLOW-2005 solves a fundamental governing equation using a specified 
numerical method. The Groundwater Flow Process is further subdivided into smaller 
units called packages. Each package solves a specific hydrologic process, while the 
solver packages solve the linear simultaneous equations that are generated by the 
application of the governing equation. The Groundwater Transport Process solves 
the solute transport equation (Konikow et al. 1996). 
  
The modular structure of MT3DMS was used for simulating advection, 
dispersion/diffusion and chemical reactions within the modelled groundwater of the 
case study area. The chemical reactions included in the model are equilibrium-
controlled or rate-limited linear or nonlinear sorption and first-order irreversible or 
reversible kinetic reactions.  
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The advection-dispersion equation is expressed as: 
         (6) 
The term on the left-side is the rate of change of the total amount of contaminant in 
the section, and the first two terms on the right measure the rate that the tracer flows 
into the section at x = a and the rate that it flows out at x = b; the last term is the rate 
that the tracer is created in the section. Because the interval of integration [a, b] is 
arbitrary, the integrand must vanish and we obtain the mass balance law in the local, 
differential form as: 
              (7) 
Combining the constitutive relations with the mass balance law gives the 
fundamental reaction-advection-dispersion equation: 
           (8) 
If D is constant, then D can be pulled out of the derivative and can be written as: 
           (9) 
 
Furthermore, the MT3DMS is implemented with an optional, dual-domain formulation 
for modelling the mass transport of the solute. This enables the porous medium to be 
viewed as consisting of two distinct zones, a mobile realm where transport is largely 
by advection and an immobile domain where transport is predominately by molecular 
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diffusion. Much detailed protocol; and step-by-step methodological approach can be 
found in Harabaugh and McDonald (1988), Zeng and Kinzelbarch (2000).  
 
The MT3DMS model has been globally accepted and applied in areas of 
contaminant transport modelling and remediation assessment studies. The key input 
parameters required by MODFLOW MT3DMS include; 
I. Transmissivity: is the amount of water that can be transmitted horizontally, 
such as to a borehole.  
II. Hydraulic conductivity: is the measure of geologic materials ability to transmit 
water when subjected to a hydraulic gradient. Hydraulic conductivity is 
defined by Darcy‘s law 
III. Storage coefficient: is the volume of water released from storage by a 
confined aquifer per unit surface area of aquifer per unit decline in hydraulic 
head normal to surface equal to product of specific storage and saturated 
thickness. 
IV. Vertical leakance: is defined as the average vertical hydraulic conductivity of 
the confining unit sediment divided by its thickness. 
V. Recharge: is primarily the infiltration of water into an aquifer. This process 
usually occurs in the vadose zone below plant roots and is often expressed 
as flux to the water table surface.  
VI. Maximum evapotranspiration: is the process by which water changes from a 
liquid to a gas or vapour. Evaporation is the primary pathway that water 
moves from the liquid state back into the water cycle as atmospheric water 
vapour.  
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MODFLOW/MT3DMS uses the above inputs to construct and solve equations of 
groundwater flow in the aquifer system. The solution consists of head (ground-water 
level) at every cell in the aquifer system (except for cells where head was specified 
as known in the input data sets) at intervals called ―time steps.‖ The head can be 
printed and (or) saved on a computer storage device for any time step. Hydrologists 
commonly use water levels from a model layer to construct contour maps for 
comparison with similar maps drawn from field data. 
 
Likewise, model outputs include estimates and prediction of parameters and 
statistics relating to the parameter estimates. The predictions of the models can be 
used as a decision support tool to take critical decisions in groundwater 
management. The statistics can also be used to quantify the reliability of the 
resulting model, suggest changes in model construction, and compare results of 
models constructed in different ways. Postprocessors can be used to calculate 
confidence intervals on predicted heads and flows to depict prediction uncertainty. 
 
MT3DMS can be used to simulate changes in concentrations of miscible 
contaminants in groundwater considering advection, dispersion, diffusion and some 
basic chemical reactions, with various types of boundary conditions and external 
sources or sinks. The chemical reactions included in the model are equilibrium-
controlled or rate-limited linear or non-linear sorption, and first-order irreversible or 
reversible kinetic reactions. It should be noted that the basic chemical reaction 
package included in MT3DMS is intended for single-species systems. An add-on 
reaction package such as RT3D (Harabaugh and McDonald, 2000) must be used to 
model more sophisticated multi-species reactions.  
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MT3DMS can accommodate very general spatial discretization schemes and 
transport boundary conditions, including: 1) confined, unconfined or variably 
confined/unconfined aquifer layers; 2) inclined model layers and variable cell 
thickness within the same layer; 3) specified concentration or mass flux boundaries; 
and 4) the solute transport effects of external hydraulic sources and sinks such as 
wells, drains, rivers, areal recharge and evapotranspiration. 
 
Chloride was selected for determining the impact of pit latrine on groundwater 
because it one of the most the most commonly investigated chemical indicator of 
groundwater contamination from latrines; due to its high concentrations in excreta 
and its relative mobility in the subsurface (Graham et al., 2013). Even though there 
are no known health risks from chloride in drinking water, concentrations > 250 mg/L 
may affect the taste and acceptability of water (WHO, 2011). 
 
2.9 Research Philosophy and Epistemology 
 
This study employed a single case study research methodology with mixed-methods 
of data collection and analysis in one empirical research study (Kelle, 2006). Mixed-
method research according to Preskill (2009) is the use of data collection methods 
both quantitative and qualitative which when collected will be richer, more 
meaningful, and ultimately more useful in addressing the research problem. In 
accordance with Benbasat et al. (1987) and Yin (2009) the study utilised the case 
study methodology to examine the problems of groundwater contamination in its 
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natural setting by employing both technical (quantitative) and social (qualitative) tools 
of data collection to gather detailed information.   
 
Following Yin (1994) it is argued that the case study method is particularly suited to 
situations in which the researcher has little control over events or in which relatively 
little is known about the phenomenon under investigation. It has also been stated by 
Simons (2009) that a case study can have various perspectives i.e. the personal 
view of the researcher and its impact on the choice of the analysis and interpretation 
of how people think, feel and act through his own knowledge. The second is the 
story of the case i.e. how the researcher makes sense of a case study through 
understanding its underlying structure and meanings. 
 
There is a misconception about the case study that it cannot provide reliable 
information but this has been refuted by Flyvbjerg, (2011) as case study has been 
defined by him as ―detailed examination of a single example‖. The case study 
enables the researcher to get valuable insight into and about the phenomenon under 
investigation. The strength and weakness of the case study as identified by 
Flyvbjerg, (2011) are summarised below (Table 2.6): 
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Table 2.6 Case study Method: Strength Versus Weaknesses (Source: Flyvbjerg, 2011) 
Cases study methodology 
Strengths Weaknesses 
 Depth   Selection bias may override or 
understate relationships 
 High conceptual validity  Weak understanding of occurrence in 
population of phenomena under 
study 
 Understanding of context and 
process 
 Statistical significance often unknown 
or unclear 
 Understanding of what causes a 
phenomenon, linking causes and 
outcomes 
 
 Fostering new hypotheses and new 
research questions 
 
  
 
The author revealed that the research strategies can be used with any of the 
research/philosophical paradigms. For example, a case study research strategy can 
be interpretive, positivist, or critical. This study may be seen as utilising interpretivist 
approach as it employs qualitative methods, including person-to-person semi-
structured interviews, and focus group for data collection and grounded theory 
(Strauss and Corbin, 1990) for data analysis, to gain understanding of stakeholder 
views and opinions. It also employs quantifiable measurement of survey data, 
geological and hydrogeological, and meteorological data to quantitatively evaluate 
the impact of anthropogenic activities on groundwater resources. But it does not 
have other positivist characteristics, such as aiming to develop universal laws.  
 
Detailed analysis on epistemology is viewed and documented by many authors 
(Denzin, 1978; Hirschheim and Klein, 1994; Walsham, 1995; Klein and Meyers, 
1999; Remenyi et al., 2002; Wyatt and Wyatt, 2003). However, as Klein and Myers 
60 
 
(1999) point out, research undertaken using qualitative methods may take a positivist 
stance; similarly, quantitative research may be interpretivist. The terms quantitative 
and qualitative should perhaps more appropriately refer to the methods used to 
generate and analyse data, with no epistemological assumptions implied.  
 
2.9.1   Questionnaire design and developing the research questions 
 
The design of the questionnaire evolved from the overall study context. In this 
respect, the research aim and objectives were reviewed, then statements and 
question items as outlined in Radhakrishna (2007) and Acharya (2010) were 
adopted. Details of the survey sampling strategy were described elaborately in this 
chapter (see section 3.3.5). Furthermore, research questions are the questions that 
a particular research is designed to address and iguide the overall conduct of the 
study (Mason, 1996; Punch, 1998). The research questions of the study (see chapter 
1, section 1.4) are both descriptive (what) and explanatory (how) in nature (de Vaus, 
2001). They emerged from both literature review and the researcher‘s knowledge of 
the physical system of the case study area. In this respect, the study began with an 
extensive review of literature to identify gaps in relation to groundwater management 
in Africa. From the literature review, nexus of issues related to the overall aim of the 
study were identified, and then the researcher developed the research questions to 
investigate the causal factors of groundwater contamination in the case study area.  
 
In view of the above, Tabor (2001) opined that this methodology is having great 
advantage; (i) the research questions will be well-grounded in obtainable studies, (ii) 
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there will be a coherence between the literature review and the overall aim of the 
study. Additionally, Mason (1996) argues that it is very important to differentiate 
between research questions and data collection questions.  
 
Analysing data from qualitative study is increasingly becoming important in recent 
time. The study‘s findings in the social sciences aspect are based on: the opinion of 
stakeholders is acceptable across the social sciences (Mitchell, 2004). In this 
respect, many social science scholars (Arthur, 1994; Hudson, 1994; Campion, 1997; 
Huffcut et al., 2001; and Ployhart, 2006) argue that interview opinions are valid 
results that can be used to provide new strategies and are vital in developing new 
perspectives.  
 
Also, finding based on interviews was reported by Vogwill (2016) as socio-
hydrogeological tool for addressing groundwater challenges by local stakeholders 
and is a valid way of making decisions. Furthermore, the UN-Water (2015) and UN-
SDGs (2015) are all in agreement with the findings deduced from stakeholder‘s 
opinion in developing a viable and sustainable framework. Taking these into 
consideration, the study is in agreement with the paradigm borrowed from the social 
sciences. 
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2.9.2 Hypothesis testing 
 
Hypothesis testing is an important activity of empirical and evidence-based research. 
A well worked up hypothesis is half the answer to the research question (Smith et al., 
2011). For this, both knowledge of the subject derived from extensive review of the 
literature and working knowledge of basic statistical concepts are desirable 
(Banerjee et al., 2009). In statistical hypothesis testing, two hypotheses are 
compared. These are called the null hypothesis and the alternative hypothesis 
(Landau and Everitt, 2004). The null hypothesis is the hypothesis that states that 
there is no relation between the phenomena whose relation is under investigation, or 
at least not of the form given by the alternative hypothesis (Strang, 2006).  
 
The alternative hypothesis, as the name suggests, is the alternative to the null 
hypothesis: it states that there is some kind of relation. The alternative hypothesis 
may take several forms, depending on the nature of the hypothesised relation; in 
particular, it can be two-sided (for example: there is some effect, in a yet unknown 
direction) or one-sided (the direction of the hypothesised relation, positive or 
negative, is fixed in advance) (Philips, 2003). 
 
According to Jacks et al. (1998) whether the null hypothesis is rejected and the 
alternative hypothesis is accepted, must be determined in advance, before the 
observations are collected or inspected. If these criteria are determined later, when 
the data to be tested are already known, the test is invalid. Likewise, Kelle (2006) 
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showed that hypotheses seldom sought disconfirmation of their favoured theories 
and they often ignore information that falsified their theories.  
 
Other studies (Lord, Ross, and Lepper 1979; Jones and Russell 1989; Chapman and 
Chapman 1996) have shown the use of a single hypothesis leads to a bias in the 
way that people evaluate evidence. However, some authors (Gillis and Jackson, 
2002; Johnson, 2004) are in disagreement with this position. Lastly, following the 
scheme in Benjamini (1995), this study formulated three different hypotheses (see 
chapter 4, section 4.3.3.2) and tests the relationship between socio-demographic 
and environmental variables.  
 
2.10 Summary and conclusion  
 
From the foregoing, it is evident that groundwater is a vital component of the 
hydrogeological system and is a precious natural resource in sub-saharan Africa  
where it serves more than 80% of the population. Naturally occurring and 
anthropogenic contaminants, high population and urban growth increasingly exert 
pressure on the quality of groundwater in this region.  
 
The physical, chemical and geological characteristics of a hydrogeological 
environment play an important role in affecting the fate and transport of organic and 
inorganic contaminants in the subsurface. Sorption is the principal physical process 
that decreases the concentration of contaminants within the geo-system. Other 
physical processes that control the fate of contaminants include advection, 
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dispersion, straining, and particle-surface interactions. Furthermore, factors such as 
sediment grain size and mineralogy contribute tremendously in this regard.  
Adsorption is the principal chemical process occurring in the hydrogeological 
environment, it has the potential to eliminate toxic compounds within the subsurface 
thereby rendering them less harmful. Denitrification is the key biological process 
occurring in a typical sedimentary environment.  
 
In another perspective, intricate linkage exists between groundwater management 
and environmental sustainability which is crucial for enhancing the quality of life of 
the citizenry. Protecting groundwater resources amidst the prevalent anthropogenic 
activities represent a substantial challenge that can lead to increasing costs of 
provision of drinking water in sub-Saharan Africa region. Therefore, it is imperative to 
align water resources management framework in this region within the context of the 
outlined sustainability based approaches herein. Also, current policies and 
approaches to groundwater management in this region need improvement; 
especially in dealing with environmental problems related to anthropogenic activities.  
 
Likewise, top-down approach is the most dominant regime operated by most local, 
state and national agencies responsible for the management of groundwater 
resources in sub-Saharan Africa. Also, the institutions responsible for managing 
water resources require enhanced capacities to adopt and implement novel 
sustainable groundwater management policies. As outlined in this chapter (e.g. 
Howard et al., 2003; Cronin et al., 2004, UNEP and World Bank, 2000, and Pavelic 
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et al., 2013), huge gap exists in the sustainable management of water resources is 
sub-Saharan Africa.  Also, if the existing system is not improved, the attainment of 
the SDG goal on the sustainable management of water resources will be difficult to 
attain in the next two decades 
 
Also, existing methodologies and approaches of investigating the impact of human 
activities on groundwater resources at the river basin level (and their mitigation 
framework) is inadequate and are still evolving in most parts of sub-Saharan Africa. 
Most existing studies focus on the impacts of land use on the quantity and quality of 
surface water bodies thereby giving less emphasis to groundwater resources. 
Furthermore, other problems as outlined in the literature review, peculiar to this 
region include; exclusion of stakeholders in decision making, ineffective waste 
management, poor coordination and planning in the water sector, low level of 
capacity by the local water user groups to adopt new technologies, and the scarcity 
of scientific (geological and hydrogeological) data for planning. In this respect, the 
study adopts the participatory groundwater mangement approach to adress the issue 
of stakeholder exclusion. This study applies the case study methodology that 
employs both quantitative and qualitative tools of data colllection & analysis.  
 
The study adopts the case study methdology addresses the existing gaps by 
carrying out a comprehensive assessment of the functioning of groundwater systems 
and their interactions with the numerous above-ground anthropogenic activities in 
the case study area. The justification for the adoption of the case study methodology 
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is because it allows the investigation of the coupled human-groundwater system 
including the physical and sociocultural dynamics in developing alternative 
groundwater management frameworks for sub-Saharan Africa region. Also, the case 
study methodology enables the understanding of circumstances and dynamic 
conditions of a comple sysetm.   
 
Likewise, the above-mentioned statement is aimed at achieving the overall 
objectives of the study; thus, it will apply the concept of socio-hydrogeology in the 
case study area to investigate the impact of above-ground anthropogenic activities 
on the underlying aquifers in a typical sub-Saharan African sedimentary Basin. 
Groundwater models have beome decision support tools recently, the output of the 
modelling will be used inform the alternative new guidelines of the study.  
 
Lastly, the bottom-up approach envisioned by this study will address existing gaps 
by incorporating local knowledge and aspirations of stakeholders on the overall 
sustainability processes; this is essential for addressing the complex and highly 
interdependent groundwater contamination issues affecting societies and 
communities in sub-Saharan Africa.  Specific recommendations for the sub-region 
are detailed in Chapter 8. The next chapter presents an assessment of the case 
study area.  
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CHAPTER 3 
CASE STUDY AREA 
 
3. Introduction 
 
Chapter 2 provided a synthesis of the literature; this chapter presents the general 
features of the case study area and describes why a case study site is required to 
investigate the potential problems identified earlier. It provides vital information about 
the physical, human and environmental characteristics of the area. Also, it outlines 
the key environmental challenges facing the case study area. Specifically, it 
discusses the geographical, demographical and hydrogeological characteristics of 
the study area. The case study is a tool that can be used to investigate the potential 
contamination problems reviewed in chapter 2. Lastly, it summarises the key 
environmental challenges affecting the study area and how to address them. The 
chapter paves way for the subsequent analyses and discussions chapters in the 
thesis. 
 
3.1 The Study Area 
 
The case study area was selected to achieve the overall research objectives. Also, 
as outlined in chapter 1 (section 1.1), the justification for selecting the case study 
area is mainly guided by the geological, socio-economic, demographic, and 
environmental factors (Simons, 2009). Also, the case study area is chosen to identify 
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realistic societal problems and develop meaningful guidelines and recommendations 
in addressing these problems (Yin, 1994; Flyvbjerg, 2011). 
 
The local case study area selected for this study is located in the Sudano-sahelian 
belt of North-eastern Nigeria. Generally, Nigeria covers a geographical area of about 
924,000 km2 between Latitudes 4o and 14o north and Longitudes 2o and 14o east. 
Sharing borders with Niger, Chad, Cameroon and Benin, the topography of the 
country ranges from mangrove swampland along the coast to tropical rainforest and 
savannah in the north. Figure 3.1 presents the location map of Nigeria showing the 
position of Maiduguri (the local case study area) in Borno state. The average rainfall 
in the country ranges from approximately 500mm/year in the extreme north to over 
2,000mm/year in the extreme south. Most of the rainfall occurs during well-defined 
rainy seasons lasting four to five months (May to September) in the north and six to 
seven months (April to October) in the south. 
 
Figure 3.1 Map of Nigeria showing Maiduguri, Borno state (source, modified from VOA 
Maps online, 2014) 
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3.2 Demography  
 
Nigeria is the most populous country in Africa with about 170 million people and an 
average density of about 135 persons per km2 (World Bank, 2012). The population 
has been estimated by World Bank (2012), as growing at an average of 2.9% per 
annum in the study area and the sub-region (Figure 3.2), which is putting ever 
increasing pressure on the aquifer systems. The best estimate of the population 
distribution of the country (Table 3.2) indicates that the urban areas (major cities) 
have the greatest population followed by towns and rural areas (NPC, 2006). 
Figure 3.2 Map of Africa showing annual population growth rate (World Bank, 2012) 
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Table 3.1 Population distribution by category in Nigeria (NPC 2006) 
Population 
distribution category 
Community size Population (million) % of total  
Urban  >20 000  45 38 
Small towns  5 000 to 20 000 40 33 
Rural  <5000 35 29 
According to the provisional figures from the 1991 census the study area (Borno 
state) has a total population of 2,596,589; and males outnumber females by 58,033 
(NPC, 2006). The current projected population figures currently put the population of 
the state at 3,178,225 (BOSG, 2013). Average population density is only 46 persons 
per sq. km. (estimated at 52 persons per sq. km in 1999) (BOSG, 2013).  
 
Taking into consideration the evidences presented (Figure 3.2 and Table 3.1) the 
case study area can typically represent the urban centres of the Sudano-sahel 
region of Africa.  Thus, socio-demographic pressure and their resultant 
anthropogenic activities are prominent in this area as compared to others and hence 
their probable impact on groundwater resources.  
 
3.3 Climate and Vegetation  
 
Located in the semi-arid zone of north-eastern Nigeria, Maiduguri enjoys the warm 
tropical climatic condition of Western Africa. Most parts of the state fall within the 
Sudan savannah vegetation zone, whereas the far northern area falls within the 
Sahel vegetation zone.  
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Rainfall and other climatic conditions in Maiduguri are seasonal and affect greatly the 
local vegetation. The three distinct seasons: a long hot dry season from April to May. 
Day time temperatures are in the range of 36 to 40°C and night time temperatures 
fall to 11 to 18°C. This is followed by a short rainy season from May to September 
with a daily minimum temperature of 24°C and a maximum of 34°C with relative 
humidity of 40 to 65% and annual rainfall from 560 to 600 mm (Bakari, 2014). Finally, 
the cold (harmattan) season runs from October to March when temperatures fall to 
about 20°C and a dry dusty wind blows from the Sahara desert (Eugster and 
Maglione, 1979; Jaekel, 1984; Bakari, 2014).  
 
The vegetation of the area is mainly of the Sudan and Sahel savannah type; which is 
characteristically dominated by woodland and shrub land dominated by annual grass 
species such as Cenchrus biflorus, Schoenefeldia gracilis, and Aristida stipoides. 
Species of acacia are the dominant trees, with Acacia tortilis the most common, 
along with Acacia senegal and Acacia laeta (Figure 3.3). This vegetation cover about 
1000, Km (620 miles) across west and central Africa region (Eugster and Maglione, 
1979). 
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Figure 3.3 Typical Sudano-sahel vegetation (source, Field trip)  
 
3.4 Relief and Drainage  
 
The landscape is developed on the young sedimentary rocks of the Chad Formation. 
This extensive plain contains no prominent hills and attains an average elevation of 
300 metres above sea-level (Figure 3.4), sloping towards the Lake Chad level. The 
Borno region is drained by two groups of rivers; one is bound towards the south 
draining to the Benue system while the other is towards the Lake Chad (BOSG, 
2014). The region is drained by seasonally flowing rivers whose peak flows are 
recorded during the rainy season in the months of July and August. The Biu Plateau 
to the south is largely drained by the Hawul River, which flows southwards and 
discharges its waters into the Gongola River. Also, the main rivers in Maiduguri are 
the Ngadda, Yedzaram and Gombole; their major sources are in the Adamawa 
highlands and Cameroon Republic. 
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Figure 3.4 Model showing relief across the Nigerian sector of the Chad Basin (Aliyu 
and Bakari, 2014) 
 
3.5  Geology and Hydrogeology of the Study Area  
 
The Chad Basin has been a structural depression since early tertiary time and has 
been a locus of subsidence and sedimentation rather than erosion. According to 
Furon (1960) and Obaje (2009), the Chad Basin was a tectonic cross point between 
a NE to SW trending ―Tibesti-Cameroon Trough‖ and the NW to SE trending ―Air-
Chad Trough‖ in which over 3600 m of sediments have been deposited (Bakari, 
2014a).  
 
The crystalline basement complex outcrops in the eastern, south-eastern, south-
western and the northern rims of the basin; its configuration beneath the sediments 
near the lake has the semblance of a horst and graben zone (Oteze and Fayose, 
74 
 
1988). The stratigraphy of the Chad Basin (Bornu sub-Basin) shows a depositional 
sequence from top to bottom which includes the younger Quaternary sediments, 
Plio-pleistocene Chad Formation, Turonian-Maastrichtian Fika shale, the late 
Cretaceous Gongila formation and the Albian Bima Formation (Bakari, 2014a).  
 
The Bima sandstone forms the deeper part of the aquifer series and rests 
unconformably on the basement complex rocks. Its thickness ranges from 300 to 
2000 m and the depth between 2700 and 4600 m (Obaje, 2009). A pioneer 
investigation carried out by Barber and Jones (1960) revealed that the Chad 
formation reaches a thickness of at least 548 m at Maiduguri; in the central part of 
the basin the thickness may reach 600 to 700 m (Offodile, 1992). The Plio-
pleistocene Chad Formation and the Quaternary sediments are the main sources of 
groundwater supply in the Maiduguri area (Bakari, 2014a). 
 
Figure 3.5 Cross section of the multi-layered aquifer system in Maiduguri (Modified 
from Shcoeniech, 1993)  
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The Chad formation dips gently east and northeast towards Lake Chad in conformity 
with the slope of the land surface. Except for a belt of alluvial deposits around the 
edge of the basin, the formation is of lacustrine origin and consists of thick beds of 
clay intercalated with irregular beds of sand, silt and sandy clay (Miller et al., 1968). 
As shown above (Figure 3.5), Barber and Jones (1960) divided the Chad Formation 
into three water bearing zones designated upper, middle and lower aquifers (Miller et 
al., 1968; Odada et al., 2006; Adelana, 2006; Bakari, 2014a). 
 
The upper aquifer is a Quaternary alluvial fans and deltaic sediments of Lake Margin 
origin. The reservoir in this system is composed of interbedded sands, clays, silts 
and discontinuous sandy clay lenses (Table 3.2) which give aquifer characteristics 
ranging from unconfined, through semi-confined to confined types (Maduabuchi et 
al., 2006). It extends from the surface to an average depth of 60 m but locally to 180 
m. The transmissivity of this aquifer system ranges from 0.6 to 8.3 m2/day and the 
aquifer yield in Maiduguri is between 2.5 to 30 l/s (Akujieze et al., 2003). This aquifer 
is mainly used for domestic water supply (hand dug wells and shallow wells), 
vegetable growing and livestock watering (Maduabuchi, 2006; Bakari, 2014a).  
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Figure 3.6 Cross-section showing the upper, middle and lower aquifers in Chad Basin 
(USGS, 2002) 
 
The middle aquifer shown in the figure above is the most regionally exploited aquifer 
in the Chad Basin, especially in the Nigerian sector; it covers about 52, 000km2 of 
north-eastern Nigeria. This aquifer lies at a depth between 317-393 m (Table 3.2) 
and made up of about 15-45m thick argillaceous sands with interbedded clayey units 
and diatomites of early Pliocene age (Miller et al., 1968; Bakari, 2014a). The sand 
materials of this aquifer are composed of medium to coarse grains of quartz, feldspar 
and mica. The transmissivity value obtained for this aquifer is 360 m2/day (Obaje, 
2009). The aquifer yield is between 25 to 36 l/s (Akujieze et al., 2003).  
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Table 3.2 Representation of Borehole log showing upper, middle and lower aquifers in 
Maiduguri 
Lithology Thickness 
(metres) 
Depth 
(metres) 
Upper aquifer 
Sand, fine, yellow 7 9 
Sand, fine to medium, yellowish  13 15 
Sand, fine to medium, yellowish, thin clay layers 13 32 
Clay, sandy beds, white 50 82 
Clay, white to grey 13 94 
Clay, grey to bluish grey 75 170 
Clay, shaly, bluish; some thin lenses and fine layers 82 250 
 
Middle aquifer 
 
  
Sand, fine to coarse, silty 14 317 
Sand, fine, silty and firm  6.4 322 
Sand, coarse 7.3 329 
Sand, fine to coarse, silty 1 330 
Sand, medium to coarse 4 334 
Sand, fine to coarse, silty fine sand and clay layers 15 336 
Sand, fine to coarse, a few very thin clay layers 4 350 
Sand, fine to medium silty 10 354 
Sand, coarse 1 364 
Sand, fine to coarse, silty 22 365 
Sand, fine to coarse 1.9 388 
Clay, grey, hard 3 390 
Clay, hard 
 
 
 
Lower aquifer 
 
Clay, sand, clay 
Sand, clay 
5 
 
 
 
 
 
17 
10 
393 
 
 
 
 
 
510 
524 
(Reconstructed from Miller et al., 1968) 
 
The lower aquifer presently found only in the Maiduguri area (Figure 3.6) , it occurs 
at greater depths exceeding over 500m and is made up of about 70 to 200m of 
interbedded clay, sandy clay, and sand (Table 3.2) (Akujieze et al., 2003). A few thin 
beds of sandstone also occur in the zone. The chief water-bearing beds consist of 
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loose medium-to coarse-sand layers, generally about 1 to 5m thick. In some parts of 
the Basin, this aquifer is artesian in nature, and it is not abstracted for domestic 
water supply in greater part of the Chad Basin, its yield is between 10 and 35 l/s 
(Akujieze et al., 2003) and its recharge source is believed to be outside Nigeria 
(Goni, 2006). 
 
Taking all the above into consideration, the study limited its investigation to the upper 
aquifer of the case study area. The justification for selecting this aquifer is based on: 
(i) it is unconfined in nature, thereby it might likely be affected by the impact of 
anthropogenic activities, (ii) it is widely used across the basin as the principal source 
of domestic water supply, and (iii) it occurs at a shallow depth, thereby wells and 
tube wells can easily tap water from it. These three parameters necessitated the 
study to limit its scope to the upper aquifer, in developing guidelines for their 
protection.  
 
In Maiduguri, the likely sources of contaminants that may pose significant threat to 
groundwater quality is diverse and many. Much detailed assessment is presented in 
section 3.8. The pathways by which contaminants travel from the source includes 
spaces, poorly developed or abandoned wells, and fractures in the unconsolidated 
geologic material of the Chad Basin through which it flows into the aquifer and the 
receptors are the environment, people and animal drinking water from the aquifer 
(Bakari, 2014b). 
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3.6  Status of Water Supply Provisions in Maiduguri Metropolis  
 
The provision of public water supplies (i.e. piped water connections) in Maiduguri 
metropolis is grossly inadequate and highly unreliable, as is the case in most other 
state capitals and cities in Nigeria (AICD, 2011). As a result, many urban dwellers 
are compelled to explore self-supply options, often without any form of treatment. 
Because many of the surface water sources in the region are seasonal (Bunu, 1999), 
groundwater sources remain the major focus of these self-supply options. 
 
Across the metropolis, as in other parts of the country significant numbers of people 
rely widely on shallow wells (improved bore wells and hand-dug wells) for both 
commercial and domestic water use (Goni, 2006). This is because; it provides an 
affordable and easily obtainable alternative to the piped-borne system (UN 1988; 
BGS, 2003). However, it is increasingly reported by many authors, such as Foster et 
al. (2000), Wakida (2006) and Ali (2012) that groundwater aquifers in urban areas 
often deteriorate, especially in the urban centres of less-developed regions.  
 
3.7 Environmental Problems in Maiduguri Metropolis  
 
In Maiduguri, many of the challenges of environmental pollution arise from the 
diverse activities inherent to urban settings and are not being given proper attention 
as obtainable in most parts of Nigeria and across the Sub-Saharan Africa region 
(Maconachie, 2007). This is reflected in the apparent lack of accurate data and 
consistent information, as well as statistics on these issues even within the 
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responsible regulatory bodies. Many urban activities, such as SWM and sanitation 
services, are linked strongly to groundwater pollution. 
 
The main concerns for groundwater pollution in the case study arise from 
anthropogenic activities (especially on-site sanitation systems). This is because the 
entire metropolis has no central sewage system (USAID, 2009). The situation likely 
represents serious diffuse pollution sources that could result in direct migration of 
pathogenic microbes to the local groundwater aquifers and beyond. Because raw 
sewage is often disposed of at the various open dump sites, it increases the risk of 
leachate generation and eventual contamination of groundwater aquifers. Another 
important source of groundwater pollution arises from urban agriculture.  
 
3.8 Potential Sources of pollution in Maiduguri  
 
Based on the observations carried out during the field work phase of the study, there 
are multitudes of anthropogenic and natural sources of contamination in Maiduguri 
metropolis. In this study, emphasis is on the anthropogenic sources of pollution. This 
is because of their potentials to contaminate the groundwater resources in the area 
due to increasing population growth. The probable natural sources of contamination 
are the materials found naturally within the rocks or sedimentary series of the Chad 
Formation; such as Quartz, Orthoclase feldspar, Microcline feldspar, Iron oxide, and 
Zircon which can become dissolved in ground water.  
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Anthropogenic contaminants originate from both point and non-point sources across 
the city. The point-source emanates from domestic and municipal waste disposal 
sites; others are industrial effluent from the various industrial activities in the city; 
though most of the industries are non-functional (Bakari, 2014). The wastes from 
these sources are mostly disposed in open spaces in bushes. Also in the informal 
settlement areas, the use of pit latrines is another major source of pollution. 
Furthermore, impacts from small businesses and other cottage industries can be 
remarkable. The potential risks and the contaminant types are summarised below 
(Table 3.3). 
Table 3.3 Summary of potential risks and contaminant types 
Potential risks  Contaminant types 
Open dumpsites Cl, NO3 
Pit latrines Cl, NO3 
Agricultural activities NO3, PO4, Cl  
Industrial activities Cl, SO4, PO4 
Petrol stations Benzene, Xylene, Ethylene, and other 
Aromatic hydrocarbon compounds 
 
Non-point-sources of pollution in Maiduguri are mainly the runoff and diffuse pollution 
from the agricultural activities near the lake Alau Dam where extensive irrigation and 
intensive fertiliser application is practised. Other potential non-point sources of 
pollution are the widespread commercial car wash areas, urban runoffs, etc. The 
potential sources of pollution are summarised in sections 3.8.1 to 3.8.5 as follows: 
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3.8.1 Open Dumpsites  
 
Within Maiduguri metropolis, a huge amount of domestic wastes is generated on a 
daily basis by the various households depending on their socioeconomic status. 
Open dumpsites are the preferred sources of waste disposal (Figure 3.7). This is 
because most settlement areas lack adequate waste collection facilities. This can be 
seen in areas such as Gwange, Moduganari, Mafoni, Hausari etc (see map on 
Figure 4.3 in chapter 4). 
 
Figure 3.7 Incessant solid waste disposals in residential area in Maiduguri 
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3.8.2 Pit Latrines and Septic Tanks 
 
In Maiduguri, the use of pit latrines is very common because of its traditional 
attachment and affordability. Over 90% of the households surveyed utilise this 
system. The rapid urbanisation experienced in Maiduguri over the years has 
increasingly clustered the low-income individuals into informal settlements, thereby 
resulting in increased proliferation of pit latrines or increase in settlements with 
limited access to on-site sanitation facilities (Figure 3.8).  
 
 
 
Figure 3.8 One of the open dumpsites in Gwange area in Maiduguri 
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3.8.3 Cattle Markets and Abattoirs  
 
Abattoirs located within urban centres generate enormous amounts of wastes daily; 
in Maiduguri most abattoirs utilise traditional methods for the disposal of animal 
wastes, carcasses and manure. Also, cattle markets produce a lot of animal waste 
that are rich in nitrogen, in most cases these wastes are dumped indiscriminately.  
 
Similarly, animal wastes generated from the slaughter houses or abattoirs are 
washed into open drainages untreated thereby introducing pathogens and excessive 
nutrients into surface waters that can subsequently percolate into the underlying 
aquifers and then contaminates groundwater. In this regard, there is only a handful 
of studies that focused on the impact of cattle market and abattoirs on groundwater 
quality in Nigeria.  
 
3.8.4 Agricultural Activities 
 
Various agricultural activities often result as point sources of groundwater pollution. 
The application of fertilisers, pesticides, and herbicides are a common agricultural 
practice, and they pose a significant threat to water resources across many regions 
of the world. These applications can be sources of contamination to groundwater 
supplies serving large populations. Whether or not fertilisers, pesticides, and 
herbicides become sources of groundwater contamination depends on the local 
hydrogeological conditions, application methods, and biochemical processes in the 
soil.  
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In Maiduguri, animal and human wastes are used as fertilisers; these have 
concentration of Nitrates and pathogens which are likely to pose a significant threat 
to groundwater quality. Currently, there are no existing studies that have evaluated 
the impact of agriculture on groundwater in the study area.   
 
Figure 3.9 Irrigation farming in the Alau Dam area in Maiduguri 
 
Extensive agricultural practices are common in the outskirt of the metropolis 
especially in areas such as; Bama, Dikwa, Biu/Damboa, Monguno and Kano Roads 
where sorghum, millet maize and groundnuts are cultivated. Also, sorghum and 
millet are cultivated on a large scale in the Lake Alau area (Figure 3.9); another crop 
that involves fertiliser application in the area includes; cassava, tomatoes, pepper, 
etc. Furthermore, cattle rearing activities are a common practice in some rural 
settlements in the outskirts of Maiduguri where the native Shuwa Arabs and Fulani 
cattle herders practise open ranch grazing.   
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3.8.5 Other Potential Sources of Groundwater Pollution 
 
Other potential sources of pollution in the study area ranged from industrial activities 
to petrol stations and depots, and groundwater development activities. Therefore the 
study will carry out a qualitative risk assessment and prioritise the potential impact of 
these risks in achieving sustainable groundwater management. 
 
For example, in the past, industries such as the Flour mill, the Coca-Cola bottling 
plant, and the Nitel shoe manufacturing company, the Borno plastic company, the 
Borno Aluminium smelting company, the Marini asphalt plant and the NNPC 
petroleum depot have operated in Maiduguri (currently not operating). In addition to 
this, other light and small cottage industries such as Block industries, bakeries, Hyde 
and skin processing and the traditional dying activities that use chemicals and their 
associated compounds are scattered across the city. All of these industrial activities 
are likely to impact the environment and groundwater resources negatively. 
 
In the past, the effluent generated by all of the aforementioned industrial activities 
might have contained high concentrations of contaminants. The nature of the 
contaminant varies with the type of industrial activity, but usually includes chloride, 
nitrate, hydrocarbons or heavy metals, bacteria and viruses.  
 
Moreover, Petrol stations are among the major sources of pollution in Maiduguri with 
potential risks to groundwater quality.  A petrol depot and more than 60 petrol 
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stations exist in Maiduguri alone. Accidental spills or leaks from tanks and pipelines 
of petroleum products will impact negatively on the environment and groundwater 
resources. Some of the contaminants in such areas include phenols, aromatic 
compounds and chlorinated hydrocarbons. 
 
Furthermore, pollution is likely to occur as a result of improper and poor groundwater 
development activities, for example, local drilling firms apply cheap synthetic drilling 
fluid in carrying out drilling activities. Some of the drilling fluids constitute synthetic 
compounds that might have an impact on the aquifer. Improper casing and well 
completion also allow contaminants to flow into the annular space which 
subsequently contaminates aquifers. 
 
3.9 Pollution Sources Risk Assessment 
 
From the contamination point of view, a risk matrix analysis outlined by Cox (2008) 
was adopted to evaluate the potential risks posed by the various above ground 
anthropogenic pollution sources on underlying aquifers in developing a mitigation 
framework that will alleviate their impacts on the underlying groundwater resources. 
In this regard, Table 3.4 presents the summary of the ranking based on the 
probability-impact matrix. This risk assessment methodology can be used by all the 
stakeholders to set priorities and protect the integrity of the groundwater. Also, they 
provide a clear framework for reviewing the risks of each of the contamination 
sources. 
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Table 3.4 Ranking of pollution sources based on risk matrix result  
Pollution source Likely impacts on groundwater  
High  Moderate  Low  Very low  
Pit latrine ●    
Dumpsites   ○   
Agricultural 
activities 
  ◌  
Cattle markets     × 
Geological 
material 
   × 
 
 
 
3.10 Summary and conclusion 
 
Maiduguri metropolis is the largest urban area in the North-eastern part of Nigeria; it 
falls within the Chad sedimentary basin attaining average elevation of 300 meters 
above sea level. Based on the socio-economic, climatological, hydrogeological, and 
demographic characteristics, the selected case study area can typically represent 
the urban centres of sub-Saharan Africa region. The city is moderate to densely-
populated with high levels of anthropogenic activities. The study area lacks central 
sewage treatment system; hence, the inhabitants mostly use on-site sanitation 
facilities that are often poorly designed and regulated thereby raising concerns about 
groundwater contamination. 
 
Groundwater resources are the principal water supply option. Major concerns for 
groundwater contamination arise from the urbanisation and agricultural activities in 
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the area. Of particular concern is the increasing utilisation of pit latrines and 
incessant waste disposal practice. Based on the qualitative risk assessment of the 
anthropogenic contamination sources, pit latrine is the one with the highest risk 
factor in terms of contamination, and then followed by open dumpsites, agricultural 
activities, and cattle markets. 
 
To this effect, the challenges associated with groundwater management in the case 
study area is aggravated by many factors including the exclusion of the relevant 
primary stakeholders in planning, poor waste management, low level of institutional 
coordination and planning in the water sector, and the limited capacity of the various 
local water user groups to adopt new technologies (AICD, 2011). Also, groundwater 
quality in sub-Saharan Africa is severely threatened by impact of anthropogenic 
activities (World Bank, 2002). Widespread groundwater quality problems beneath 
African urban centres and rural areas are evident (WHO/UNICEF, 2000; AICD, 
2011). 
 
In the case study area, the potential sources of groundwater contaminants can be 
attributed to both point and non-point sources across the city. The point-source 
emanates from domestic and municipal waste disposal sites; the wastes from these 
sources are mostly disposed in open spaces in bushes. Also the informal settlement 
areas are a potential source of pollution. Furthermore, impacts from small 
businesses and other cottage industries such as dying, tanneries, and local brick 
making cannot be ruled out.  
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Non-point-sources of groundwater pollution can occur from the runoff and diffuse 
pollution from the nearby agricultural lands. This chapter presents background 
information of the case study area; chapter 4 outlines the methodology employed in 
the study. 
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CHAPTER 4 
METHODOLOGY 
 
 
4. Introduction 
 
This chapter presents the design and methodology used in this study. It describes 
the various activities carried out in the research.  Overall, the study divided into two 
major phases; the hydrogeological and social aspects. The hydrogeological category 
involves three key categories of activity: fieldwork; laboratory-based experimental 
and instrumental analyses and data analyses. Also, modelling was undertaken using 
MODFLOW computer codes to predict the trends of contaminants into the future. 
The social aspects of the study are also constituted of three major activities; 
stakeholder identification, stakeholder engagement (data collection), and thematic 
and content data analyses.   
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4.1 Quantitative strategy: groundwater quality analytical methods  
 
4.1.1 Reconnaissance Survey  
 
Three different field work activities were carried out between 2012 and 2014. The 
first field work was carried out between March and May 2012; during which detailed 
reconnaissance survey of the case study area (Figure 4.1) was carried out. During 
this period, topographical and geological maps were used to determine the local 
geology and the various land use activities of the area, as well as the extent of the 
case study area.  
 
Figure 4.1 Map showing extent of Maiduguri metropolis (case study area) 
 
93 
 
4.1.2 Pollution Sources Identification 
 
During the second round of field work in Maiduguri, the researcher in collaboration 
with a member of staff in the University of Maiduguri and 2 ad-hoc research 
assistants carried out a comprehensive inventory of pollution between January and 
February 2013. In this regard, the case study was divided into two major sites; in 
order to enable phased and detailed assessment of the aforesaid sources. In each 
case, detailed characteristics of the sites visited were recorded in the field log book. 
This allowed the conceptualisation of the system and practical linkages between the 
pollution sources and environmental degradation were established (Figure 4.2).  
 
Figure 4.2 Aerial view of Moduganari area showing concentration of pit latrines and 
open dump sites (Google Map, 2012).  
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4.1.3 Selection of Groundwater Sampling Sites  
 
Within the case study area, various groundwater supply sources (tube-wells) were 
surveyed; in this respect, tube-wells that meet the following criteria as outlined in the 
survey plan were selected: 
 The borehole or tube well must tap water from the A zone of the upper aquifer 
(shallow). 
 It must be within the residential area and serves a sizeable number of 
households (public). 
Following the said criteria above, a total of 20 shallow tube-wells and hand pump 
boreholes were identified and marked for groundwater sampling in two major areas 
with the highest anthropogenic activities in Maiduguri (Figure 4.3). The location of 
each of these water points was recorded by a hand held GPS device (Table 4.1). All 
of the groundwater sampling sites were located across the case study area; this is to 
enable the detection of anthropogenic impacts within the vicinity of the boreholes/ 
tube wells. 
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Figure  4.3 map of the study area showing the  different sampling location
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Table 4.1 Summary of borehole location in the two sampling sites 
Sampling site/boreholes Location coordinates 
Borehole 1 N11°49.580‘ E013°07.675‘ 
Borehole 2 N11°49.492‘ E013°08.994‘ 
Borehole 3 N11°48.815‘ E013°08.361‘ 
Borehole 4 N11°49.440‘ E013°07.602‘ 
Borehole 5 N11°49.319‘ E013°07.061‘ 
Borehole 6 N11°47.029‘ E013°06.021‘ 
Borehole 7 N11°46.971‘ E013°07.897‘ 
Borehole 8 N11°46.231‘ E013°06.101‘ 
Borehole 9 N11°46.900‘ E013°06.425‘ 
Borehole 10 N11°45.901‘ E013°05.215‘ 
Borehole 1 N11°49.185‘ E013°10.633‘ 
Borehole 2 N11°49.102‘ E013°10.312‘ 
Borehole 3 N11°48.685‘ E013°11.203‘ 
Borehole 4 N11°49 477‘ E013°10.733‘ 
Borehole 5 N11°49.573‘ E013°10.551‘ 
Borehole 6 N11°49.631‘ E013°10.616‘ 
Borehole 7 N11°49.692‘ E013°10.731‘ 
Borehole 8 N11°49.385‘ E013°10.133‘ 
Borehole 9 N11°48.716‘ E013°10.878‘ 
Borehole 10 N11°49.064‘ E013°09.883‘ 
 
 
 
97 
 
4.1.4 Experimental approach  
 
In achieving the objectives of the Hydrochemical analyses of the study, the analytical 
techniques outlined in APHA (1998) and USGS (2010) were adopted to investigate 
the physico-chemical quality of the groundwater samples obtained across the study 
area. Table 4.3 summarises the various chemical analyses employed. 
 
4.1.4.1 Onsite Measurements 
 
The selection of the onsite parameters such as pH, EC, TDS and Temperature were 
based on the outlined procedure of USGS (2010). They are measured in the field 
due to their relatively unstable nature (USGS, 2010). The pH and temperature of the 
water sample were measured with a digital HANNA pH-meter (Model HI 98129). EC 
and TDS were measured with a portable conductivity, TDS and salinity meter (Model 
EC400 Ex Stik II). Summary of the error levels of the onsite measurement equipment 
used in this study as well as their precision comparison with similar studies are 
presented below (Table 4.2). 
Table 4.2 summary of equipment error levels 
Equipment Error level  Precision comparison 
with other studies 
HANNA pH meter  ± 0.1 to 0.2 pH unit3 USGS 2002, Stewards, 
2011 
Thermometer ± 0.2°C Singh, 2004, Edmunds et al. 
2002 
EC 400 (conductivity) meter  ± 3 percent for EC, ± 5 
percent for TDS 
Jackson, 2013, USGS, 2010 
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4.1.4.2 Chemical Analyses  
 
The groundwater samples (Figure 4.4) were analysed for  chemical parameters such 
as; Ca2+, Mg2+, Na+, K+, Cl-, NO3-, SO4
2-, PO4 
2-, CO3
-, and CaCO3
- ions. The reason 
for selecting these cations and anions is because they are the potential natural and 
anthropogenic contamination indicator parameters in residential areas. Detailed 
justifications on these elements are documented in the APHA (2002) manual of 
water quality analyses.   
 
Also, various experimental and instrumental techniques were employed to analyse 
the different chemical components. Summaries of these methods are presented in 
Table 4.4, while a complete description of the methods can be found in Standard 
Methods for the Examination of Water and Waste Water, 20th Edition (APHA, 1998) 
and USGS (2010) protocol for groundwater quality analysis. The physico-chemical 
analyses were carried out at the Geochemistry laboratory, the Department of 
Geology, University of Maiduguri.  
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Figure 4.4 some of the groundwater samples obtained for Hydrochemical analyses 
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Table 4.3 Summary of chemical analyses employed in the study 
Chemical analyses Methodology  Link with potential contaminant source  
Calcium-EDTA Titrimetric method  50ml of the water sample was measured in a 
conical flask and then 2ml of 1N NaOH was 
added and mixed thoroughly. The solution 
was then titrated with 0.01N EDTA using 
peroxide indicator until the pink colour 
changed to purple at the end point, and the 
result was expressed in mg/l.  
 
Natural hydrogeological environment  
Magnesium-EDTA Titrimetric method 3ml of 5N HCl and 6ml Ammonia solution 
respectively were added, and then about 1ml 
of eriochrome black T indicator. The solution 
was then titrated with 0.01N EDTA until the 
wine-red colour changed to blue at the end 
point and the result was expressed in mg/l.  
 
Natural geological material (hydrogeological 
environment). 
Sodium-Flame Photometry method Amounts of sodium in the samples were 
determined by a standard flame emission 
photometry procedure at a wavelength of 
589nm. The result was expressed in mg/l.  
 
Geological material 
Potassium-Flame Photometry Method Amounts of potassium in the samples were 
determined using a standard flame 
photometry procedure at a wavelength of 
766.5nm. The result was expressed in mg/l.  
 
Geological material 
Nitrates-Brucine Sulphate method 10ml of H2SO4 was added to the water 
sample and it turned brown in colour. The 
solution was boiled in a water bath and 
allowed to cool until a yellow colour was 
developed. Potassium nitrate was used as a 
standard. The colour was then read using a 
colorimeter at a wavelength of 410nm, and 
Nitrate is linked to the widespread 
anthropogenic point-source pollution sources 
such as the widespread open dumpsites, pit 
latrines, tanneries, Hyde and skin processing 
and the uncontrolled domestic wastewaters 
emanating from the cluster of informal 
residents in both the study area, as well as 
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the result was expressed in mg/l.  
 
the agricultural inputs from upstream manure 
application in farm lands.  
 
Chloride-Argentometric Method 100ml of the water sample was measured, 
and 1ml of potassium dichromate (K2Cr2O7) 
was added as an indicator. The solution was 
then titrated against 0.01N Silver Nitrate 
(AgNO3) solution until the yellow colour 
changed to brown at the end point, and the 
result was expressed in mg/l.  
 
Chloride is linked to the widespread open 
dumpsites and waste water flowing 
uncontrollably in the informal settlements of 
the study area. 
Sulphates-Gravimetric Method 250ml of the sample was measured, and its 
pH was adjusted with 1N HCl to about 5, 
using a pH meter. It was brought to a boil 
while slowly adding barium chloride solution 
and stirring gently until precipitation appeared 
to be complete. The precipitate was digested 
at about 80°C to 90°C for 2 hours. The 
precipitate was filtered with filter paper, 
washed with distilled water and placed in a 
crucible along with the filter paper, and then 
heated in a muffle furnace at 800°C for 1 
hour. It was allowed to cool in a desiccator, 
and the barium sulphate precipitate weighted.  
 
The result was expressed in mg/l 
Attributed to domestic wastes and 
decomposition of organic matter, sometimes 
emanates from industrial wastes, but mostly 
from the bacterial reduction of sulfate. Others 
are tanneries 
Phosphate To 100-mL sample add 0.05 mL (1 drop) 
phenolphthalein indicator solution. If a red 
colour develops, add strong acid solution 
dropwise, to just discharge the color. Then 
add 1 mL more. Boil gently for at least 90 min, 
adding distilled water to keep the volume 
between 25 and 50 mL. Cool, neutralise to a 
faint pink color with NaOH solution, and 
They are found in sewage from body wastes 
and food residues, and also may found as 
orthophosphates in agricultural and residential 
areas.   
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restore to the original 100-mL volume with 
distilled water. 
 
 
 
Carbonate and Bicarbonate 
 
 
 
25 to 50 mL of the sample was measured in a 
conical flask, and its pH was adjusted to 4.3 
about 2 to 3 drops of phenolphthalein 
indicator was added. H2SO4 was standardised 
against 40.00 mL 0.05N Na2CO3 with about 
60 mL distilled water, in a beaker by titrating 
potentiometrically to pH 5. The electrodes 
were lifted out, rinsed into the same beaker 
and boiled gently for 3 to 5 min under a watch 
glass cover. It is then allowed cool to room 
temperature; cover glass rinsed into beaker 
and titration finished (pH 4.3). The result was 
calculated and expressed in mg/l.  
 
 
 
 
Geological material 
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4.1.5 Sediment Sample Collection 
 
As outlined in Bakari (2014c), representative sediment samples (sandstone and 
siltstone units) that constitute bulk of the Quaternary Chad formation were 
systematically collected at two varying depths of 5 and 10 metres in two different 
locations (sites 1 and 2) respectively. Simple hand held auger and sampling tools 
such as shovel, digger, plastic bucket, polyethylene bags, and measuring tape were 
used. This method is adequate for carrying out preliminary investigations on 
superficial deposits (USGS, 2010). 
 
Hand augering was carried out at systematic depths of 5 and 10 m respectively, at 
each depth about 1kg of the sediment sample was collected, the sample is then 
divided into 2 portions (for granulometric and mineral content analyses) and poured 
into a properly labelled plastic bucket in each case. This procedure is repeated at the 
depth of 10 metres and in site 2. All the samples were transported to the 
sedimentary petrology laboratory at the Geology department, the University of 
Maiduguri for analyses.  
 
4.1.5.1 Sieve Analysis 
 
The portion of sediment sample retained on the No. 10 sieve is tested for grain size 
distribution by passing the sample through a number of sieves of different size 
openings as outlined by ASTMD (2000). The sieves are stacked in order, with a 
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sieve with 2 mm aperture size at the top. The sieves are agitated by mechanical 
means for about 10 minutes. When this mechanical process is completed, the weight 
of the particles retained in each sieve is determined using the Ohaus (Model T31P) 
digital balance, from which the individual and cumulative percentage weights were 
computed (Bakari, 2014c). 
 
4.1.5.2 Mineral Content Analysis 
 
The required amount of sediment sample with constant size was separated in the 
plastic bag, debris and organic matters were removed. Then, the samples were 
spread out carefully on a picking tray in such a way that particles do not overlap with 
one another. A magnifying microscope (Model WestburySP40) was used to observe, 
identify and count the various minerals in the sample based on their physical 
properties. Four specimen slides were prepared for each sample and the 
percentages of each mineral was calculated separately. Also, average percentage of 
each mineral was calculated from the aforesaid calculations (Bakari, 2014c). 
 
4.1.6 Hydrogeological Model Data 
 
A total of 20 shallow boreholes log data covering the study area was obtained from 
local drillers. The raw data was entered into Microsoft Excel spread sheet based on 
the sub categories outlined in Table 4.4.  
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Table 4.4 Summary of data requirement for EnvironInsite hydroanalysis 
Table Fields  
Wells Name, location, surface/bottom elevation, class 
Screens  Well/screen name and bounding elevation interval 
Observations Well/screen name, measured value, date, constituent 
Constituents  Analyte, units, media 
Borings Well name, soil or boring log description, top/bottom depth 
Stratigraphy  Well name, strata, top/bottom elevation or depth 
Fill  Material, top depth, bottom depth 
 
The data are analysed using a special hydro-analysis software (EnviroInsite 2013 ©) 
for developing 2D cross sections of the boreholes (Figure 4.5) and 3D visualisation 
of the aquifers of the study area (Figure 4.6).  
Figure 4.5 2D cross section (B-B’) showing boreholes 9, 8, and 7 in Moduganari area 
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Figure 4.6 3D Conceptual representation of the upper aquifer in Maiduguri 
 
The conceptual model above (Figure 4.6) provides information about the borehole 
depths and aquifer characteristics. The physio-chemical parameters of interest are 
outlined in detail in chapter 5 (sub-section 5.7.1.3). 
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4.2     Qualitative Strategy: a Social Dimension   
 
4.2.1 Stakeholder Analysis 
 
The analysis adopted for this study considers the empowerment of grass root 
individual groups, such as groups of youths & women, and those without access to 
well-established social networks, the under privileged, or the socially disadvantaged 
(Johnson et al., 2004).  
 
In this study, analytical categorisation method was adopted. This is due to its 
suitability of allowing the researcher to categorise the stakeholders based on his 
understanding of the system and the prevailing situation in question (Hare and Pahl-
Wostl, 2002; Reeds et al., 2008). In addition, it also saves the researcher‘s time and 
resource as opposed to the reconstructive categorisation method. The analytical 
tools used in categorising the stakeholders include those using levels of interest and 
impact (Lindenberg and Crosby, 1981; Hare and Pahl-Wostl, 2002), legitimacy and 
influence (Mitchell et al., 1997). A stakeholder analysis was carried out from the 
beginning of the study in 2012 to identify the various stakeholders that will address 
the current, emerging, and future problems of groundwater management in the case 
study area. 
 
Hare and Pahl-Wostl (2002) argue that there is no limitation to the number or 
categories of stakeholders in the analysis, but their number is determined by the 
prevailing situation. In this respect, a total of 6 different stakeholder groups 
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consisting of 22 individual groups and organisations; which consists of civil society 
organisations, NGO, Government ministries/agencies, and a research institution 
were identified. Others include group of professionals, traditional rulers and 
politicians as shown in Tables 4.5, 4.6, and 4.7. This number (group of stakeholders) 
is adequate (Mitchell et al., 2004). Also, the reason for selecting these stakeholder 
groups is because they are the ones directly affected by the problems of 
groundwater contamination, and are capable of providing lasting solution in the study 
area. The representatives of the various stakeholder groups were engaged via 
interviews, focus group discussions, and stakeholder meetings (McNamara, 1999; 
Morgan, 1997; Patten, 2001).  
 
The well-educated stakeholders were engaged via semi-structured interviews using 
English language while the residents and other water users were engaged via focus 
group discussions using the two dominant local languages Kanuri and Hausa. 
English language was used to engage the institutional stakeholders (government 
officials) because it is the official language in the public domain. The native 
languages were used for the local water users and residents due to their low literacy 
levels.  
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Table 4.5 Stakeholder Categorisation as primary, secondary and key (After Frooman, 
1999) 
  
Primary stakeholders Secondary stakeholders Key stakeholders 
Local residents BOSG Local residents 
Public water users MMC Public water users 
Farmers union BOHA Farmers union 
Local enterprises  BOSEPA Local enterprises 
 Ministry of water res. 
Ministry of Education 
BOSG 
Ministry of Education 
 Ministry of Health MMC 
 Ministry of Agriculture BOHA 
 Urban Development Board BOSEPA 
 Lake Chad Basin 
Commission 
Ministry of water res. 
 University of Maiduguri Ministry of Health 
 National union of Journalists Ministry of Agriculture 
 Nigeria union Teachers  Urban Development Board 
 UNICEF/WHO Lake Chad Basin 
Commission 
 Friends of Lake Chad University of Maiduguri 
 Manufacturers Association National union of Journalists 
 Council of traditional rulers Nigeria union of Teachers  
  UNICEF/WHO 
  Friends of the Sahel 
  Manufacturers Association 
  Council of traditional rulers 
Borno youth forum 
Borno women forum 
 
 
 
 
 
 
Table 4.6 Summary of the various stakeholder groups in the study area 
Organisation Type Number of groups 
Government ministries/ agencies 10 
Water user groups 
Professional organisations 
4 
3 
Civil society organisations 3 
NGO 1 
Research institution 1 
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4.2.2 Interviews  
 
Interviews are very useful, particularly for getting the story behind participants‘ 
experiences. The interviewer, according to McNamara (1999), can pursue in-depth 
information around the topic and can be useful as follow-up to certain respondents to 
questionnaires with a view to investigating their responses. 
 
Interviews, according to Fontana and Frey (2005), can be divided into three 
categories, viz: structured interviews, semi-structured interviews, and unstructured 
interviews. Semi-structured interview is relatively more flexible than a structured 
interview, and it consists of both closed-ended and open-ended questions (Fontana 
and Frey, 2005). 
 
During the field work conducted in March to July 2013, a semi-structured interview 
with certain flexibility was conducted with the key stakeholders identified in the 
stakeholder analysis. A total of twelve strategic stakeholders as representatives of 
their organisations; one each from the eight government ministries/ departments & 
agencies and the municipal council, one research institution, a non-governmental 
organisation and the one civil society groups were interviewed from April to June 
2013 (Figure 4.7).   
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Figure 4.7 Interview with some of the strategic stakeholders 
 
Table 4.7 Summary of strategic stakeholders interviewed and their affiliations (after 
Reeds et al., 2009) 
Stakeholder  Affiliation 
Director groundwater services Ministry of water resources 
Deputy director sanitation Borno state environment protection agency 
Director engineering services 
Assistant Director 
Borno state Urban development board 
Ministry of Education 
Senior staff Ministry of health 
Senior staff Ministry of environment  
Council secretary Maiduguri metropolitan council 
Staff member Borno state house of assembly 
Senior lecturer University of Maiduguri 
Coordinator Friends of the Sahel 
Chair woman  Forum of women 
Hrdrogeologists  Chad basin development authority 
 
The researcher interviewed the strategic stakeholders on a one-on-one format in 
their various offices and exceptional few in their homes. Prior to the interview; 
appointments for the interviews were requested and booked by telephone calls, texts 
messages and personal visits. At the first contact with the interviewees, the 
researcher explained the purpose of the study and why he or she was identified as a 
potential interview candidate.  After this step, permission to be interviewed at their 
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convenience were sought; at this stage a copy of the research protocol and 
introductory letter approved by the Abertay University was made available to the 
interviewee in advance of the slated date. The interview questions were not 
disclosed to them at this point, because this will influence the level of stakeholder 
responses during the interview.   
 
4.2.3 Pre-focus Group Capacity Building Workshops  
 
The researcher carried out a pre-focus group capacity building workshops (Figure 
4.8) for the primary stakeholders taking into account their level of education and 
limited capacity. These stakeholders are comprised of the local residents, group of 
small scale farmers, and local business owners (Johnson et al., 2004).  
 
Figure 4.8 Pre-focus group capacity building workshop in the case study area 
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The objective of the capacity building workshop was to increase the awareness level 
of the stakeholders and to provide them with a simplistic overview of the complex 
physical and hydrogeological systems and how each of these systems is affected by 
their activities, to identify a strategy that will contribute to sustainable management of 
groundwater in the context of an IWRM approach in the case study area, and to 
develop a coping strategy that will mitigate future uncertainties of climate change, 
and urban & population growth.  
 
The decision support tools used include simple illustrations showing the relationship 
between p  
ollution sources, pathways and the underlying groundwater. Vulnerability maps were 
produced from the water quality result obtained. This is because such maps are 
simple and an essential tool for better understanding of the resources base, and in 
making informed decisions. Overall, the capacity workshops have provided better 
understanding of scientific processes to the marginalised stakeholders, and on how 
the interaction with the physical system affect the quality of the groundwater 
resource.  
 
4.2.4 Focus Group Discussions 
 
Focus group discussions were chosen as a method to provide a forum for primary 
stakeholders as water users to discuss their concerns, understanding and opinion 
towards groundwater management issues in the study area. Focus group 
discussions have the advantage of allowing a lot of data to be collected in a short 
period (Morgan, 1997). They allow the researcher to develop an understanding 
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about why people feel the way they do, participants are able to bring up issues they 
feel are important to them, and are able to challenge each other‘s views and the 
researcher may benefit by having a more realistic account of what people think of the 
current system (Miller and Glassner, 1997; Morgan, 1997). Focus groups are also an 
effective way of advancing a study subject (Madriz, 2003). 
 
A total of six (6) focus group discussions were conducted with the local water user 
groups on the potential two sites of the study area. The focus group discussions 
were held across the different communities of sites 1 and 2 (Moduganari and 
Gwange areas) respectively. In total there were 52 individuals; 40 males and 12 
females drawn from the local residents and water user groups as well as groups of 
youths; this is because they constitute majority of the population, and they can 
provide valuable contributions to the research questions (Graiser, 2008).  
 
Each focus group comprised of about 8 to 9 residents from each of these 
communities. According to Krueger and Casey (2000), the ideal size of a focus 
group for non-commercial research ranges from six to eight. To increase 
representativeness, the participants were drawn by random sampling from different 
walks of life; this selection is based on a combination of demographic information 
and professional guidance tool. 
 
The focus group discussions were carried out at the community level the; 
participants were contacted prior to the meeting, purpose of the study and the 
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significance of their contribution were highlighted at this point. Two research 
assistants were hired among the local community members for the duration of the 
focus group discussions. A copy of the research protocol and introductory letter 
approved by Abertay University was made available to them. Participants were also 
informed of the meeting time and place at this point.  
 
The researcher also made it clear to the participants that refreshment will be 
provided at the meeting, and a token of £2 (N500) will be available for 
reimbursement to cover their transportation costs. The focus group discussions took 
place within 5KM radius of the residences of participants; the aforementioned token 
is sufficient for fares within this radius.  
 
On the day of the focus group discussion, the researcher briefed the participants 
about the purpose of the study and why their contribution is important to the study. 
The researcher made sure that participants were aware that there are no wrong or 
right answers during the focus group session, and the ground rules for discussion 
were clarified for the participants (Figure 4.9).  
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Figure 4.9 Focus group discussions with some participants in the case study area 
 
Each participant was given generous time to express his or her opinion. In a rare 
occasion where one or more participants tried to be domineering in the discussion, 
the researcher neutralises the discussion and stresses the need for others to 
contribute their views (Casey, 2000). Each of the sessions was chaired by a 
moderator with two assistants; responsible for audio recording of tapes and note 
taking respectively. The sessions formed open discussions where questions were 
thrown to participants for debate.  
 
4.2.5 Household Survey 
 
This method of data collection is considered as one of the most efficient methods of 
data collection from a large sample (Saunders et al., 2003). A questionnaire can 
either be structured, semi-structured or unstructured. This study adopted structured 
questionnaire that consists of pre-coded questions with well-defined patterns to 
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follow the sequence of questions. According to Acharya (2010) most qualitative data 
collection, activities use a structured questionnaire. Structured questionnaire has the 
advantage of being easy to administer, consistency in answers and easy for data 
management (Acharya, 2010). 
 
Stratified systematic sampling was used in identifying the various households for the 
study. Patten (2001) argues that, when this method is used properly, systematic 
sampling produces a sample that is as valid as a sample obtained using simple 
random sampling. A respondent was identified in every third house at the two sites 
(Moduganari and Gwange) of the case study area; participants were selected based 
on the sub divisions of the study area. For instance, the potential sites (Moduganari 
and Gwange) were selected based on their socio-economic and demographic 
context. Thus, these divisions were taken into consideration to ensure that 
respondents were drawn to represent the various households of the study area. 
Unlike the personal interviews and focus groups, the survey method allowed efficient 
data collection from a larger sample of the residents in a relatively sensible manner.  
 
 A total of 600 household questionnaires (Figure 4.10) were distributed for 600 
households (300 each) in Moduganari and Gwange. In total, 81 % response rate was 
achieved for both sites. Also, a follow up survey on the vertical and horizontal depths 
of on-site sanitation systems and water levels and points were administered in the 
same manner as stated above. The rationale for carrying out the follow-up survey is 
to provide support for the development of realistic and sustainable guidelines that will 
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mitigate the impact of the onsite sanitation systems on the local aquifers of the case 
study area. This provides a framework within which practical solutions of achieving 
sustainable groundwater management can be implemented; in line with the overall 
aim of the study. 
 
Figure 4.10 the researcher sorting out the filled household survey questionnaires 
 
Since the centre piece of this study is focused on low income individuals (urban 
poor) whom are mostly individuals with little formal education, the survey questions 
were read and interpreted to about two third of the respondents, while those with 
good formal education filled the questionnaires on their own. In each case, research 
assistants with good education were recruited from within the local areas that were 
responsible for the tedious task of interpreting the questions to local language of the 
household respondent. The research assistants were trained to ask the questions 
(interpret from the local language to English) properly and in filling out the 
questionnaires for the households with little or no formal education. Methods used in 
identifying the survey participants were also clarified to them. 
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In addition, gender sensitive steps were taken to ensure representation of both 
males and females in the survey. This is because women play a significant role in 
water related issues particularly in developing countries (Shiva, 2002). Women, 
therefore, hold very vital information when it comes to water management issues in 
their homes and communities. Furthermore, men were also included because they 
hold key information on water supply and utilisation. Therefore, both male and 
female respondents were engaged. 
 
Once respondents were identified, he or she is read the survey participant statement 
on the questionnaire as approved by Abertay University. The statement gave a brief 
description of the research, nature of participation and the confidentiality of 
participants. 
 
4.3 Methods of Data Analysis 
 
In this study, both parametric and non-parametric tests were employed in evaluating 
the quantitative and qualitative data. Generally, parametric tests are often used in 
the scientific study and are more robust than non-parametric tests. While in social 
sciences non parametric tests are the preferred choice. The following are the steps 
taken in analysing the data obtained for this study: 
 
 
120 
 
4.3.1 Thematic Analysis Procedure  
 
Each manuscript was transcribed verbatim into a separately identified folder. The 
digitally recorded focus group discussions or individual interviews were re-played 
many times to ensure the adequate understanding of obtained data. As a standard 
digital recorder was used, it was possible to minimise the background noise and 
change the sound tones to maximise the clarity of voices.  
  
The manuscripts were read through frequently, to become familiar with the overall 
picture of data (deductive analysis). That is; this approach was used to discern an 
overall and fundamental meaning of experiences (Hall, 2004). Then, line by line a 
search of manuscripts was undertaken to scan central themes (e.g. environmental 
problems, sustainable options, etc.). This included repeated ideas or statements 
―that say something‖ (Brunard, 1991). This process was accompanied by making 
notes about each manuscript.  
 
Once again, the manuscript was re-read to check for common themes in the 
manuscripts. Indeed, so doing allowed the current author to become immersed in the 
data and thus the ―life world‖ of participants (Gillis and Jackson, 2002). Once the 
author has become aware of the main issues found, as many headings as necessary 
were highlighted, then irrelevant materials which are referred to as ―dross‖ (Brunard, 
1991) were identified and excluded from the analysis (e.g. talking in a detailed way 
about the ownership sources of water supply). 
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Once the main themes were highlighted, a category system was created for each 
manuscript (e.g. Category One: all themes about issues related to environmental 
problems). Initially, as many categories as possible were generated, and materials of 
relevance were linked accordingly. Then the number of categories was reduced 
(collapsing stage) i.e. some of the ones that have similar contents (Brunard, 1991). 
Once the final version of categories was finalised, each of them was examined within 
the context of each question reported in the interview schedule.  
  
As qualitative analysis is an on-going and dynamic process, during the writing up 
phase, if there is some doubt about certain findings, the current author checks the 
manuscript to ensure the credibility of analysis.  
 
4.3.2 Axial Coding 
  
Axial coding is a process of relating categories to their subcategories in qualitative 
data analysis (Strauss and Corbin, 1997). This data analysis technique is normally 
preceded by open coding, where the raw interview data or field notes are reduced 
into many ideas and concepts. They are identified and labelled accordingly, which 
sets the stage for axial coding.  
 
In axial coding the data are regrouped so that the researcher may identify existing 
relationships more quickly. In this respect, the issues of groundwater management 
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are categorised based on the selected themes to represent the various opinions of 
the stakeholders in the different interviews and focus group discussions. This has 
allowed the exploration of all the different views and opinions of the stakeholders in a 
tabular form. Much detailed description of the axial coding methodology can be 
obtained from (West and Zimmerman, 1987; McMahon, 1995; Glaser, 1995).  
 
4.3.3 Statistical analysis methods 
The study has adopted the following statistical analyses: 
 
 
4.3.3.1 General Linear Model (ANOVA) 
 
This study fits the General linear model (GLM) for univariate responses of the 
Hydrochemical data obtained (Appendix B). In matrix form, this model is Y = XΒ + E, 
where Y is the response vector, X contains the predictors, Β contains the 
concentration of ions to be estimated, and E represents errors assumed to be 
normally distributed with mean vector 0 and variance Σ. By means of the general 
linear model, the study performed a univariate analysis of variance and examines the 
differences among means of the concentration of cations and anions in the various 
boreholes using multiple comparisons. 
 
In this regard, statistical test was carried out on the groundwater samples collected. 
The samples were tested for determining the differences in concentration of cations 
and anions across the different boreholes using analysis of variance (ANOVA); using 
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Tukey method in Minitab™16 statistical software (MINITAB©, USA). Means of ions 
that do not share the same superscript letter (a to j) within a row are significantly 
different (p<0.05), based on grouping information of Tukey method at 95% 
simultaneous confidence interval. 
 
Also, IBM SPSS statistical software (version 22) package was used in analysing the 
household survey data. The analysis of the collected household data was carried out 
(95% Confidence Interval) by the use of distributions tables of frequency counts, and 
employing of chi-square test on each of the hypothesis statements. Furthermore, 
descriptive statistics such as the mean, median, cross-tabulation, and frequencies 
were employed to analyse the socio-demographic characteristics of the respondents 
as well as to explain the overall perception of the respondents in relation to each of 
the variables tested. 
 
4.3.3.2 Hypothesis testing of household survey data 
 
In this study, inferential statistical tests (hypothesis test) were employed to test the 
relationship between the various environmentally related variables, the relationships 
between some selected socio-demographic variables and the environmentally 
related variables. From a statistical viewpoint, the null hypothesis provides actual 
numerical values so that the sampling distributions of inferential statistics are 
calculated. Hypothesis testing was used in this study to accept or reject the 
formulated hypotheses and determine that there is evidence or lack of evidence for 
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the various hypotheses formulated in the household survey data. Logically the null 
hypothesis denoted as Ho and the alternative hypothesis is denoted as Ha. 
The following hypotheses were formulated and tested in the study (chapter 5; section 
5.4): 
Hypothesis1: 
  Ho: There is no relationship between Income of households and Willingness to pay 
for extra services. 
  Ha: There is relationship between Income of households and Willingness to pay for 
extra services. 
 
Hypothesis 2: 
  Ho: There is no relationship between Education status and Awareness on ground 
water contamination. 
  Ha: There is relationship between Education status and Awareness on ground water 
contamination. 
 
Hypothesis 3: 
 Ho: There is no relationship between Education status and Awareness on 
implications of dumping. 
 Ha: There is relationship between Education status and Awareness on implications of 
dumping. 
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4.3.3.3 Test-statistic and p Values Approach 
 
In this study the critical value approach was used to carry out the descriptive 
statistical analysis. In this respect, the t test was carried out in the study to determine 
the means of the socio-demographic variables and the environmentally related 
variables. This approach sets up the hypothesis in terms of a test statistic which from 
a theoretical distribution is not directly observed. The p value is established to 
determine the probability of randomly selecting a test statistic that is equal or greater 
than the absolute value of the observed statistic or less than minus the absolute 
value of the test statistic (Benjamini and Hochberg, 1995). This approach is valid and 
is commonly used by all statistical packages. The following steps as outlined by 
Simes (1986) Benjamini and Daniel (2001) are followed in the hypothesis testing 
adopted by this study. 
 
I. State the null hypothesis (H0) and the alternative hypothesis (HA). 
II. Establish whether the test is one-tailed or two-tailed.  
III. Establish the probability of a false positive finding (i.e. α level). 
IV. Establish the sample size  
V. Calculate the observed descriptive statistic. 
VI. Find the most unlikely outcomes on the distribution around the observed statistic.  
VII. If the value of the statistic under the null hypothesis is not located within this 
interval, then reject then reject H0. 
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Lastly, contingency tables were created to summarise the observations on the 
categorical variables. For all the tables generated in the appendix section, the sole 
interest of the study largely lies in assessing whether or not there is any relationship 
or association between the socio-demographic variable and the environmentally 
related variable that constitute the table.  
 
4.3.3.4 MODFLOW modelling  
 
The chloride concentrations analysed in the water quality assessment was 
considered in the modelling. Chloride concentrations released from pit latrines into 
the underlying aquifers within the model domain (cell) are spread through the 
subsurface using a multi-species transport model, commonly referred to as MT3DMS 
(Zheng and Wang, 1999). The groundwater flow and mass transport modelling 
adopted in this study was carried out using MT3DMS codes to simulate chloride 
contamination due to impact of pit latrines. MODFLOW is used to determine the 
distribution of piezometric head and simulate groundwater flow. The model 
conceptualisation involves the following steps outlined in (Harabaugh and McDonald, 
1988): 
I. Defining a simulation domain and hydrogeological layers 
II. Dividing the model domain into different zones with distinct hydraulic 
properties 
III. Defining the model boundaries 
IV. Collecting and assigning hydraulic head values 
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The numerical code adopted by this study is the version of MODFLOW 2005 
(version 1.18.01), developed by United States Geological Survey (USGS). Using the 
producer‘s protocol the program was activated in a typical serial processing mode. 
MODFLOW-2005 is a blocked-centred finite-difference FORTRAN based code, 
which has the capability of representing a complex three-dimensional groundwater 
flow system of a study area. MODFLOW-2005 has the capacity to simulate a wide 
range of geological and hydrogeological conditions under both steady and transient 
flow conditions, including interactions with the surface water regime (Zheng and 
Kinzelbarch, 2000). 
 
MODFLOW-2005 process solves a fundamental governing equation (see section 2. 
8.1.7) using a specified numerical method. The Groundwater Flow Process is further 
subdivided into smaller units called packages. Each package solves a specific 
hydrologic process, while the solver packages solve the linear simultaneous 
equations that are generated by the application of the governing equation. The 
Groundwater Transport Process solves the solute transport equation (Konikow et al. 
1996). 
 
The modular structure MT3DMS (Modular Transport Three Dimension Modelling 
Simulator) was used for simulating advection, dispersion/diffusion of chloride 
concentration within the modelled shallow aquifer of the Chad Basin around 
Maiduguri. The chemical reactions included in the model are equilibrium-controlled 
and first-order irreversible/ reversible kinetic reactions. MT3DMS is implemented with 
an optional, dual-domain formulation for modelling the mass transport of the chloride 
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in the groundwater. Detailed protocol and step-by-step methodological approach of 
the MODFLOW-2005, and MT3DMS can be found in (Harabaugh and McDonald, 
1988; Zeng and Kinzelbarch, 2000). These models are globally accepted and 
applied in areas of contaminant transport modelling and remediation assessment 
studies (McDonald and Harabaugh, 1988). 
 
4.4 Methodology for developing the alternative guidelines 
 
The alternative guideline for achieving sustainable groundwater management (see 
chapter 6; Tables 6.6 and 6.7) was developed by carrying out the following activities 
(steps I-VIII) below (Figure 4.11):  
I. Formulation of the guidelines themes  
Effective and efficient guideline development demands asking and answering key 
questions. Firstly, in developing a viable guideline for the study area, the researcher 
drafted key themes that are relevant to the objectives of the study. At this stage, 
questions such as why the alternative guidelines? Who will be responsible for their 
implementation and monitoring? What is the limit of their application? Were 
answered.  
 
II. Scoping of the guideline and integrating study outcomes  
Secondly, after answering the abovementioned questions, the researcher carried out 
scoping of the potential impact and benefits of the proposed guidelines to the local 
water users, policy makers, and other relevant stakeholder groups in the water and 
sanitation sector. Then the researcher developed closed ended questionnaires, 
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based on the existing problems of groundwater management in the case study area, 
and engaged the strategic stakeholders for their responses in providing solutions to 
these problems. The researcher considered the key outcomes of the study outlined 
in Figure 6.5 (see chapter 6 for details). All the responses of the stakeholders were 
accommodated in the proposed guideline at this stage. 
 
III. Search of evidence 
At the third stage, the researcher carried out extensive review of grey literatures from 
the World Bank, UNICEF and the UNDP to search for evidence of existing guidelines 
discussing similar situation. Next, the researcher carried out synthesis and 
comparison of the contents of existing frameworks with the recommendations 
outlined by the researcher to avoid duplication of functions.  
 
IV. Formulation of guideline recommendations 
After the search of evidence from the contents of existing frameworks in grey 
literatures, the author in collaboration with the strategic stakeholders (based on 
consensus) adopted the set of recommendations as a draft guideline. 
  
V. Writing the guideline’s draft version 
Lastly, after adopting the recommendation, the researcher structured the contents of 
the recommendation and drafted the first draft version of the guidelines. 
Furthermore, the guidelines are written to accommodate any future recommendation 
as it evolves.it is comprehensive and flexible enough to allow adaptation to diverse 
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settings and circumstances of protecting vulnerable groundwater resources from the 
impact on-site sanitation systems in the study area.  
 
Figure 4.11   Guidelines development steps  
 
VI. Consultation and review 
The final stages of guideline development involve review by its users and approval 
by the stakeholders involved. Within this phase the adequacy of the guidelines were 
evaluated, particularly for its feasibility and applicability in the case study area. 
Local community leaders, government officials and politicians are invited to review 
the draft. In addition, local residents and primary water users are encouraged to 
send their review comments strictly time-limited within six weeks. However, up to till 
this time no conflict of interest is expressed by any stakeholder in the water and 
sanitation sector.  
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VII. Guideline dissemination 
Dissemination involves making guidelines accessible, advertising their availability, 
and distributing them widely. A range of dissemination strategies can be effective, 
but there is too little evidence to support decisions about which strategy is efficient 
under which circumstances. In general, the use of multi-faceted dissemination 
strategies is recommended. The a copy of the guideline published in the special 
publication series of the International Association of Hydrogeologists titled ―Solving 
the groundwater challenges of the 21st century‖ (Vogwil, 2016). This is submitted to 
the Borno state Government for adoption. Also, the guidelines were interpreted to 
the local language (Kanuri) and presented to the primary water users in a local 
workshop in collaboration with the strategic stakeholders in the case study area.  
 
VIII. Guideline implementation and evaluation 
Guidelines do not implement themselves; local ownership of the implementation 
process is crucial for changing practice. The researcher is responsible for the 
development of the guidelines and their implementation is the responsibility of the 
local and state governments in the study area. At an appropriate time after guideline 
dissemination and implementation an evaluation is necessary for insight into its 
impact. Thus, future studies should focus on this aspect and improve on it.  
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4.5 Summary and conclusion 
 
The chapter outlined that the case study methodology that utilises both quantitative 
and qualitative tools of data collection is the most appropriate methodology that can 
be adopted in achieving the overall aim of the study. In this respect, the overall aim 
of the study is to develop guidelines for the sustainable management of groundwater 
resources in sub-Saharan Africa region; therefore, the mixed method case study 
methodology provided a more detail insight of the phenomenon under investigation. 
In this case study, modelling will be employed to predict future contamination 
scenarios. Thus, the guidelines that will be developed is based on informed position. 
The new framework will be based on the output of the modelling and other 
secondary information will be used to compare standards.  
 
The pragmatic approach employed by the study combined both positivism and 
interpretivist and this has demonstrated the robustness of the methodology in 
providing solutions to the persistent and perceived problem of groundwater 
contamination in the case study area. The quantitative analytical approaches of the 
study is not limited to any epistemological believe, while the qualitative methods 
including person-to-person semi-structured interviews, and focus group discussions 
are guided by interpretivist philosophical believes.  
 
Overall, the combination of the social and technical dimensions of hydrogeology will 
bridge the gap that the study intends to address. Moreover, involving the local 
stakeholders in groundwater management will enable the implementation findings of 
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the study with limited effort. Most importantly, all the relevant stakeholders will 
benefit from the new framework. The next chapter presents the stakeholder 
engagement (social) and the hydrogeological (technical) aspects of the study. 
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CHAPTER 5 
STAKEHOLDER ENGAGEMENT & HYDROGEOLOGICAL RESULTS 
 
5. Introduction 
 
This chapter presents results from the stakeholder engagement and hydrogeological 
analyses. Firstly, results obtained from the different methods of stakeholder 
engagement (interviews, focus group discussions, and household survey) are 
presented in section 5.1.   Secondly, results obtained from the hydrogeological 
(groundwater quality and sediments sample) analyses are presented in section 5.1.  
Lastly, the chapter discusses the results from the social and hydrogeological 
dimensions. The synthesis from the discussions in this chapter and the output of 
modelling in chapter 6 informed the development of the alternative guidelines for 
sustainable groundwater management in chapter 7.  
 
5.1 Results from the Strategic Stakeholders Engagement  
 
Developing effective and sustainable groundwater management framework requires 
harmonisation of multiple stakeholders‘ responses including the strategic and 
primary stakeholders.  
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5.1.1 Opinions from the Semi-structured Interviews with the Strategic 
Stakeholders across the various Ministries and Organisations in Maiduguri 
 
As outlined in previously (chapter 4) (Table 4.7), a total of twelve strategic 
stakeholders are interviewed in the case study area. Table 5.1 summarises the 
findings from the interviews: 
Table 5.1 Opinions of the strategic stakeholders from (axial coding) the interviews  
Themes  sub-themes Properties (stakeholders 
opinion) 
ENVIRONMENTAL 
PROBLEMS 
Groundwater contamination 
 
 
 
 
 
 
 
 
 
Knowledge about 
contamination 
Likely to occur due to solid 
waste disposal in open 
dumpsites 
 
Due to domestic wastewater 
and pit latrines 
 
Contamination can occur due 
to multiple activities 
 
Stakeholder is fully 
knowledgeable about 
contamination issues 
 
Stakeholder is fairly 
knowledgeable 
 
Stakeholder is totally not 
knowledgeable about 
contamination issues 
   
 Concerns about 
contamination 
Stakeholder is extremely 
concerned about 
contamination  
 
Stakeholder is reasonably 
concerned about 
contamination 
 
Stakeholder is totally 
unconcerned about 
contamination 
   
 
What follows is the detailed presentation of the results (Table 5.1) above: 
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5.1.1.1 Groundwater Contamination 
 
The problem of groundwater contamination can be attributed to a multitude of 
sources across the metropolis; open dumpsites, pit latrines, and other sources. The 
severity of these sources, according to the stakeholders interviewed, varies from 
place to place in the city. Consequently, the entirety of the local residents utilise pit 
latrines due to its affordability and traditional attachment to the people in the case 
study area.  
 
Also, most government officials and the academia attribute the use of fertiliser and 
organic manure as a potential source of groundwater contamination. Also, the 
proliferation of petrol stations and the concentration of cottage industries such as 
tanneries and dying works can also constitute a significant threat to the shallow 
groundwater system. 
 
5.1.1.2 Knowledge about Groundwater Contamination 
 
The officials from the ministries of water, environment, and health, and those from 
the academia were more knowledgeable about the issues related to groundwater 
contamination. This acquaintance was due to their professional experience or the 
relevance of their respective ministries in relation to management of water 
resources.  
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Also, some interviewees from other agencies and organisations such as the urban 
development board, the metropolitan council, women forum, and an NGO the Sahel 
green belt were fairly knowledgeable about the status quo; however, at present the 
groundwater quality is good. However, this group of stakeholders stressed the 
importance of the availability of real time groundwater data/ information for the 
various stakeholder groups and organisations. From the foregoing, it can be claimed 
that knowledge about groundwater contamination issues is very good among the 
strategic stakeholders interviewed. Despite their knowledge, some of institutional 
stakeholders, except for handful in the academia, they are not familiar with 
groundwater modelling tools including their application.  
 
5.1.1.3 Concerns about Groundwater Contamination 
 
Despite the disparity of knowledge among the stakeholders interviewed, concerns 
about groundwater contamination were very high (Figure 5.1). Majority of the 
interviewees were worried that contaminated water can be harmful to human life, 
and they attest that they are willing to be involved in addressing the situation. 
However, despite their concern, an interviewee confirmed that there is no cause for 
alarm at present, but warned that people should avoid unwholesome environmental 
attitude towards waste disposal. 
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Figure 5.1 Stakeholder concerns about groundwater contamination 
Noteworthy at present, none of the stakeholders interviewed was affected by the 
problems of contamination. Interviewees from the academia and the ministries 
responsible for water supply and healthcare service delivery were the extremely 
concerned; while those representing individual groups were the least concerned 
about the issue. 
 
5.2 Stakeholders opinion from the various Focus Group Discussions  
 
The results of the six focus group discussions (three each from the two sites) as 
carried out by the study are presented in Tables 5.2 and 5.3. The result suggests 
that the opinions of the primary stakeholders are vital for the development of a 
sustainable framework in managing groundwater resources in the case study area.  
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Table 5.2 Opinions from the axial coding of the 3 focus groups workshops in site 1 
Themes  Sub-themes Focus group 1 Focus group 2 Focus group 3 
ENVIRONMENTAL 
PROBLEMS 
Knowledge 
about 
contamination  
 
 
 
 
Participants are 
knowledgeable  
 
 
Participants are 
not 
knowledgeable  
Participants felt 
they are 
affected  
 
Participants felt 
they are not 
affected 
Participants are 
familiar 
 
 
Participants are 
not familiar 
     
 Concerns about 
contamination 
Participants are 
concerned 
 
Participants are 
not concerned 
Participants are 
worried about it 
 
Participants are 
not worried 
Participants are 
concerned 
 
Participants are 
not worried 
about it 
     
 Common 
causes of 
contamination  
Dump sites 
 
Pit latrines 
 
 
Not sure 
Waste disposal 
 
Human and 
animal wastes 
 
Domestic 
waste water 
Pit latrines 
 
Local tanneries 
 
 
Dumpsites  
     
 Wastes 
generated 
Residential 
waste 
 
Commercial 
wastes 
 
Both  
Domestic 
wastes 
 
Agricultural 
wastes 
 
Commercial 
wastes 
Commercial 
wastes 
 
Domestic 
wastes 
 
Agricultural 
activities 
 Waste disposal Open dumping 
 
Dumping in 
river and gullies 
 
Burning  
Dumping in pits 
 
Dumping on 
land 
 
Dumping in 
bush 
Dumping in old 
wells 
Burning wastes 
 
 
Dumping in 
drainages 
     
     
     
What follows is the detailed presentation of the results shown in table 5.2: 
5.2.1 Knowledge about Groundwater Contamination 
 
The participants of the three focus groups in site 1 show similarity in their opinion, 
except on a few instances. Majority of the participants are not familiar with the issues 
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attributed to groundwater contamination. Whilst it was acknowledged that awareness 
creation is needed at the community level. Few issues might be pointed out; 
participants are knowledgeable about surface water contamination, the non-visible 
nature of groundwater is a critical factor in participants‘ decisions, and participants 
like the local farmers failed to recognise the impact of their activities on groundwater 
resources, and they could not classify well water as groundwater. Thus, specific 
awareness creation programmes will increase the capacities of the focus group 
participants.  
 
5.2.2 Concerns about Groundwater Contamination 
 
Similarly, concerns about groundwater contamination are extremely low among the 
participants. This can be connected with the lack of knowledge about contamination 
issues as stated above. However, some participants were wary of this problem and 
felt that it is a major issue to contend with. Taking these opinions into consideration, 
the contrasting views as expressed by the participants can be credited to their 
differences in interpersonal reasoning and the insensitivity towards environmental 
issues.  
 
5.2.3 Common Causes of Groundwater Contamination 
 
Participants of the focus groups opined that dumpsites, pit latrines, tanneries and 
domestic wastewater are the major causes of contamination in their areas. However 
this view is not shared by all but, majority attest that these are the most significant. 
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Arguably, participant‘s thoughts were influenced by education and the mass media. 
Most critically, the cultural attitudes of the participants are a determining factor to 
consider. However, it is worthy to note that people‘s attitudes can only be influenced 
but cannot be changed in this regard.  
 
5.2.4 Waste Generation 
 
Most participants of the three focus groups in Moduganari area are of the view that 
the most commonly generated wastes in their areas are domestic in nature; food 
wastes, woods, ash, dust and stones. Some participants expressed that organic and 
paper wastes are generated in high amount from the local market areas of their 
communities. Hence, it can be reasoned that the wastes generated in these areas 
are mainly domestic wastes from homes and commercial wastes from local 
businesses. Debatably, the uniformity in composition of the wastes produced across 
the area suggests that all the participants belong to the same socio-economic 
category (the less affluent).  
 
5.2.5 Waste Disposal  
 
Waste disposal methods across the area include; open dumping on land, dumping in 
river and gullies, dumping in pit, and open burning. Notably, the disposal of wastes in 
open space in these areas suggests that adequate sanitation facilities are lacking.  
 
 
 
142 
 
Table 5.3 Opinions from the axial coding of the 3 focus groups workshops in site 2 
Themes  Sub-themes Focus group 4 Focus group 5 Focus group 6 
ENVIRONMENTAL 
PROBLEMS 
Knowledge 
about 
contamination  
 
 
 
 
Participants are 
not conversant  
 
 
Participants are 
conversant  
Participants felt 
they are 
affected  
 
Participants felt 
they are not 
affected 
Participants are 
acquainted 
 
 
Participants are 
not acquainted 
     
 Concerns about 
contamination 
Participants are 
worried 
 
Participants are 
not worried 
Participants are 
bothered about 
it 
 
Participants are 
not bothered 
Participants are 
anxious 
 
Participants are 
not anxious 
about it 
     
 Common 
causes of 
contamination  
Pit latrines 
 
Dump sites 
 
Not sure 
Human and 
animal wastes 
Waste disposal 
 
Domestic waste 
water 
Pit latrines 
 
Dumpsites  
     
 Wastes 
generated  
Commercial 
wastes 
 
Residential 
waste 
 
 
Both  
Domestic 
wastes 
 
Commercial 
wastes  
 
Agricultural 
wastes 
 
Commercial 
wastes 
 
Domestic 
wastes 
 
Agricultural 
activities 
 Waste disposal Burning  
 
 
Open dumping 
 
Dumping in 
river and gullies 
 
 
Dumping in pits 
 
 
Dumping on 
land 
 
 
Dumping in old 
well 
 
Dumping in 
drainages 
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5.3 Environmental Problems  
 
As shown in table 5.3 environmental problems are divided into five sub-themes; 
knowledge about contamination, concerns about contamination, common causes of 
contamination, waste generation, and waste disposal. 
 
5.3.1 Knowledge about Groundwater Contamination 
 
The participants of focus groups 4, 5 and 6 in Gwange area expressed contrasting 
views; some of the participants are familiar with the issues attributed to groundwater 
contamination while did not. Since it is very likely that people with experience and 
elementary education are familiar with contamination problems, it is obvious that 
those participants without knowledge are the less educated or inexperienced.  In 
order to explore the thinking behind how groundwater contamination occurs, 
unconvincing layman explanations were made by those knowledgeable participants‘ 
especially the older ones, the more youthful participants failed to provide resounding 
ideas.  
 
5.3.2 Concerns about Groundwater Contamination 
 
Equally, concerns about groundwater contamination are exceptionally little among 
the participants of the three focus groups in Gwange area. This cannot be unrelated 
to the lack of acquaintance about contamination issues as evidenced above. Yet, 
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some participants were worried about this problem and assume that it is a key issue 
to deal with. 
 
Considering these views, the conflicting beliefs as expressed by the participants can 
be credited to insensitivity towards environmental problems, in this regard, it can be 
claimed that the water consumed by the focus group participants in Gwange area is 
safe for drinking; they were only unhappy with the current erratic nature of the water 
supply situation.   
 
5.3.3 Common Causes of Groundwater Contamination 
 
Participants of the focus groups in Gwange opined that pit latrines, dumpsites, and 
domestic wastewater are the major causes of contamination in their areas. Possibly, 
the most common causes of groundwater contamination in the area are pit latrines 
and dump sites where solid and organic wastes are dumped. The proliferation of 
dumpsites can be attributed to the non-existence of waste disposal facilities and the 
very old tradition of disposing waste in the open. 
 
5.3.4 Waste Generation 
 
Participants of the three focus groups in Gwange area are of the opinion that the 
most common wastes generated in the area constitute both domestic and 
commercial wastes; variety of food wastes, rags, polythene bags, wastes from 
butchery, barbers and mechanics, etc. From this evidence, it can be contended that 
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the wastes generated in these areas are compositionally the same. Possibly, the 
composition indicates that the participants belong to the low ranking group of citizens 
as it does not contain an element of luxury packages. 
  
5.3.5 Waste Disposal  
 
Waste disposal ways across the area is mostly through open dumping on land, 
dumping in gullies and rivers, and open burning. Remarkably, it can be rational to 
say the people are lack facilities for the disposal of their wastes. Thereby, compelling 
them to dispose of their wastes in all space they find.  
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5.4 Socio-demographic characteristics of the households surveyed in the 
study area 
 
5.4.1 Sex of Respondents 
 
A total of 288 respondents were surveyed in the two study sites. About 63.5% were 
male while the remaining 36.5% were females (Table 5.4).   
 
5.4.2 Marital Status 
 
There are four marital characteristics among the respondents in the study area; 
these are the singles, the married, the divorced and the widowed. About 22.9% of all 
the respondents were yet to get married, while about 43.1% were married. 16.3% 
were divorced or separated, and the remaining 17.7% were widowed 
 
5.4.3 Age of the Respondents 
 
The highest frequencies of the heads of the households surveyed are above 40 
years of age. The result consistently shows that the highest proportion (41%) of the 
respondents fall in the age group of 41 and above. Likewise, the age group 18-25 
constitutes 10.4% of the sample, those between the age group of 26-33 make up 
22.2%, and those in the range of 34-41 constitutes about 26.4%.  
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5.4.4 Educational attainment of the respondents 
 
The highest educational attainments (47.2%) in the study area are those that 
attended primary school. More than 23% of the respondents have been to secondary 
school. The graduates constitute 12.8%; this category includes graduates from the 
University, Polytechnics, and Colleges of Education. Other important categories of 
respondents in the study area are those that have attained Quranic/Arabic 
education. This category constitutes the remaining 16.7% of the surveyed 
population. 
  
5.4.5 Income of the households surveyed 
 
The result of the survey show that close to two-third of the total number of 
respondents earn less than N100, 000 annually (USD 650/year). In the same area, 
29.9% of the respondents earn between N100, 000-N500, 000 (USD 650-3, 
250/year). Another category that exists (10.1%) is those earning between N500, 000-
N1Million (USD 3,250-6,311.14/year).  
 
5.4.6 Employment status of Respondents 
 
The uneven distribution of respondents among the various employment statuses in 
the study area show that there are more self-employed (42.4%) individuals; as 
traders (market men and women), farmers, local crafts men and women, mechanics 
and artisans than any other group. Those in the category of students constitute 
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about 11.5%. Individuals employed by the three tiers of government (Federal, State, 
and local) as civil servants, most of whom were junior to mid ranking officers 
constitute about 37.5%, and those working in the private sector make up the 
remaining 8.7%.  
 
5.4.7 Household size 
 
In the study area, households with at least 5 inhabitants constitute 36%, those in the 
range of 6-11 constitute 25.7%, and the remaining percentage is dominated by those 
with more than 11 inhabitants per household.  
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Table 5.4 Summary of socio-Economic characteristics of the households surveyed 
Location/ 
Socioeconomic 
characteristics 
           Site 1 
 
No                  % 
           Site 2 
 
No                    % 
         Sum Total 
 
No                    % 
Sex       
Male 99 62.7 84 64.6 183 63.5 
Female 59 37.3 46 35.4 105 36.5 
Total 158 100 130 100 288 100 
Marital status       
Single 34 21.5 32 24.6 66 22.9 
Married 67 42.4 57 43.8 124 43.1 
Divorced 25 15.8 22 16.9 47 16.3 
Widowed 32 20.3 19 14.6 51 17.7 
Total 158 100 130 100 288 100 
Age       
18-25 14 8.9 16 12.3 30 10.4 
26-33 41 25.9 23 17.7 64 22.2 
34-41 50 31.6 26 20.0 76 26.4 
41 and above 53 33.5 65 50.0 118 41.0 
Total 158 100 130 100 288 100 
Education       
Graduate 10 6.3 27 20.8 37 12.8 
Secondary 42 26.6 25 19.2 67 23.2 
Primary 70 44.3 66 50.8 136 47.2 
Other 36 22.8 12 9.2 48 16.7 
Total 158 100 130 100 288 100 
Household income       
>N100, 000 78 49.4 95 73.1 173 60.1 
N100,000-N500, 000 54 34.2 32 24.6 86 29.9 
N501,000-N1 Million 26 16.5 3 2.3 29 10.1 
<N1 Million 0 0 0 0 0 0 
Total 158 100 130 100 288 100 
Employment status       
Student 13 8.2 20   15.4 33 11.5 
Self-employed 66 41.8 56 43.1 122 42.4 
Govt. employee 68 43.0 40 30.8 108 37.5 
Private sector 11 7.0 14 10.8 25 8.7 
Total 158 100 130 100 288 100 
Household size       
0-5 58 36.7 48 36.9 106 36.8 
6-10 30 19.0 44 33.8 74 25.7 
11-15 52 32.9 25 19.2 77 26.7 
<16 18 11.4 13 10.0 31 10.8 
Total 158 100 130 100 288 100 
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5.4.8 Common causes of groundwater contamination  
 
The survey results for the two sites show that pit latrines and septic tanks are having 
the highest frequency score (53.1%). In both locations open dumpsite and other 
sources ranked next to pit latrines with 28.5 and 38.5% respectively. 
Correspondingly, pit latrines are the most commonly used on-site sanitation facility, 
over 90% of the households surveyed utilise this system because of its traditional 
attachment and affordability.  
 
5.4.9 Wastes generation and collection  
 
The wastes generated in the study area are mainly domestic wastes from residential 
areas and commercial wastes from local businesses and markets. These categories 
of wastes include organic and solid wastes. In the two sites, majority (60.4%) of 
wastes generated are domestic in origin while the remaining 39.6% are from 
commercial activities. Singularly, in site 1, about 52.5% of the wastes generated are 
from residential areas while 47.5% are commercial in nature. The distribution is also 
similar in Site 2 where 70% of the total wastes generated are domestic and the 
remaining (30%) are from commercial activities.  
 
The result of this survey further indicates that 93.4% of the respondents attest that 
formal waste collection systems are totally non-existent in both areas. The remaining 
few percentages (6.6%) are of the opinion that some method of local waste disposal 
system in the form of pits are in place at various locations as local dumpsites.  
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5.4.10 Waste disposal method 
 
The commonest methods of waste disposal in the study area as shown in (Figure 
5.2) include open dumping on land (48.3%), dumping in drainages (16.7%), and 
communal bin (5.6%). Other mode of disposal (29.5%) includes burial, burning and 
the use of old wells. An attempt was made to test statistically the level of association 
of the pattern of waste disposal in the two sites of the study area. The result of the 
test indicate that the pattern of waste distribution in the two sites are not significantly 
different (p-value=<0.001).  
 
 
Figure 5.2 most preferred waste disposal methods  
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5.4.11 Willingness to pay for improved sanitation services 
 
Results of the survey showed that 61.8% of the respondents are not willing to pay for 
any amount in exchange of improved services. This is because the respondents view 
this as the responsibility of the various governments (federal, state and local); the 
remaining (39.2%) believed that local communities can equally contribute as a major 
stakeholder and a beneficiary.  Also, the households were asked on how much they 
are willing to pay, slightly over 29% are willing to pay N2000 (USD 9.09) annually. 
Also, most of the respondent attest that with good jobs and economic independence, 
they will pay even higher than what is obtainable currently. In this regard, statistical 
test was carried out to determine if relationship exists between household income 
and willingness to pay.  
Hypothesis 1: 
 : There is no relationship between Income of households and Willingness to pay for extra 
services. 
 : There is relationship between Income of households and Willingness to pay for extra 
services. 
 
Table 5.5 Summary of test statistics for household income and willingness to pay  
Chi-Square Tests   Asymp. Sig. (2-
sided) 
Value Df 
Pearson Chi-Square 10.051a 3 .007 
Likelihood Ratio 9.010 3 .012 
Linear-by-Linear Association 3.457 1 .033 
No of Valid Cases 288   
Our probability of type 1 error () is set to a standard value of 0.05Test statistics: Cal = 10.048 
  
with P-value = 0.006 
 
Taking the test statistics (Table 5.5) into consideration, at P-Value = 0.006< 0.05 we 
reject the null hypothesis and accept the alternative hypothesis. Hence, we conclude 
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that, relationship exists between household income and willingness to pay for extra 
sanitation services by respondents. 
 
5.4.12 Household’s awareness level on groundwater contamination 
 
The sum total of the household survey shows that more than 87% of the 
respondents are unaware of any issue related to groundwater contamination, only 
about 12.15% of the households are aware of groundwater contamination issues as 
shown in Figure 5.3. The result further showed that out of those that are aware, 
almost half of the population assume that the level of groundwater contamination is 
low, another 34.3% assume that the level of contamination is moderate, and lastly 
the remaining 17.1% could not specifically disclose the level of contamination.   
 
Figure 5.3 Households awareness about groundwater contamination in the study area 
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5.4.13 Distribution of Awareness about the implications of dumping waste 
by sex and educational level 
 
Descriptive statistical analysis was carried to investigate the level of awareness of 
the various households surveyed on the implications of incessant waste dumping in 
the open space (by sex and educational status of the respondents). In this respect, 
only a handful of (n=50) households were aware of the implications of incessant 
waste disposal. A majority of the households (n=238) households were totally 
unaware or ignorant of the implication of dumping wastes incessantly. 
 
Also, the analysis shows that no participant with secondary school qualification is 
aware of the implications of dumping wastes in the open space. Likewise, 33 out of 
about 50 participants (29 males and 4 females) with primary school qualification are 
aware of the consequences of dumping wastes in the open space.  In general, about 
40 out of 143 male respondents are aware of the effects of uncontrolled waste 
disposal while the remaining 103 male participants are unaware; likewise only 10 out 
95 female participants are aware of the effects of dumping wastes in the open space. 
 
In testing for the statistical relationship between the educational attainment or status 
of respondents and their awareness about groundwater contamination; a hypothesis 
testing was carried out. 
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Hypothesis 2: 
 : There is no relationship between Education status and Awareness on ground water 
contamination. 
 : There is relationship between Education status and Awareness on ground water 
contamination 
 
Table 5.6 Summary of test statistics for level of education and awareness level 
Chi-Square Tests   Asymp. Sig. (2-
sided) 
Value df 
Pearson Chi-Square 12.059a 3 .007 
Likelihood Ratio 11.007 3 .012 
Linear-by-Linear Association 4.568 1 .033 
No of Valid Cases 288   
Our probability of type 1 error () is set to a standard value of 0.05Test statistics: Cal = 12.059 
  
with P-value = 0.007 
 
Considering the table 5.6 above, at P-Value = 0.007< 0.05 we reject the null 
hypothesis and accept the alternative hypothesis. Thus, we conclude that, there 
exists relationship between awareness about groundwater contamination and the 
education status of the respondents. 
 
Furthermore, a statistical test was carried out to ascertain the relationship that exists 
between the respondent‘s level of education and their awareness about the 
implications or effects of incessant waste disposal in the open space.  
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Hypothesis 3: 
 : There is no relationship between Education status and Awareness on implications of 
dumping. 
 : There is relationship between Education status and Awareness on implications of 
dumping. 
 
Table 5.7 summary of test statistics for education status and awareness about dumping 
Chi-Square Tests   Asymp. Sig. (2-
sided) 
Value Df 
Pearson Chi-Square 28.226a 3 .000 
Likelihood Ratio 32.949 3 .000 
Linear-by-Linear Association 5.815 1 .016 
No of Valid Cases 288   
Our probability of type 1 error () is set to a standard value of 0.05, Test statistics: Cal = 28.226, 
 
 
 
The test of the statistics as indicated above (Table 5.7) shows that at P-Value = 
0.000< 0.05 we reject null hypothesis and accept the alternative hypothesis. Thus, 
we determine that, there exist relationship between level of education of respondents 
and their awareness on the implication of dumping of waste. 
 
5.4.14 Distribution of population growth concerns and urban growth 
concerns by age 
 
The descriptive statistical analysis show that about 50% of the respondents of the 
age group 18-25  were concerned with the effect of population growth in the study 
area. In this category, 9 out of the 30 respondents were also concerned with likely 
impact of uncontrolled urbanisation.  Also, about 30 out of 64 respondents that are 
within the age group of 26-33 are concerned with the impact of population growth; 
about 14 of them were also concerned about urban growth. Furthermore, 32 out of 
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76 respondents of the age group 34-41 are also concerned with uncontrolled 
population growth in the study area, 14 respondents in this same category were also 
concerned about uncontrolled urbanisation in the study area. Lastly, 45 out of 118 
respondents of those in the age group of 41-above were seriously concerned about  
the likely impact population growth  will have on the groundwater resources of the 
study area. Only 19 respondents in this category are concerned about the likely 
impact of urban growth on the groundwater aquifers. 
 
5.4.15 Distribution of population growth concerns and urban growth 
concerns by educational level 
 
In furtherance to the concerns about the impact of population growth and 
uncontrolled urbanisation on the groundwater aquifers of the study area, the 
statistical analysis further investigates the relationship of the concerns with 
educational level of the respondents. In this respect, the analysis shows that only 56 
out of 136 respondents that had primary school certificate are concerned with 
population growth.  About 27 out of the 56 respondents are also concerned with the 
likely effect of uncontrolled urban growth on groundwater resources. Also, about 29 
out of the 57 respondents with secondary school level qualification are concerned 
with population growth; about half of the 29 respondents are equally concerned with 
the impact of urban growth on the groundwater resources.  
 
Furthermore, 17 out of 37 respondents whom are university, polytechnic, and college 
graduates were concerned with the effect of population growth on the groundwater 
aquifers, only a handful of the graduates were concerned with the effect of 
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uncontrolled urbanisation on groundwater resources of the study area. Lastly, about 
20 out of 48 respondents with other qualifications are concerned with the impact of 
population growth on the groundwater resource, while 8 of these 20 respondents are 
concerned with the likely effect of urban growth on the groundwater of the study 
area. 
 
5.4.16 Sustainable options for achieving sustainable groundwater 
management  
 
In achieving a sustainable system, the respondents were asked to choose from a 
range of options on how sustainable groundwater management can be achieved. 
Divergent views and opinions were expressed as shown in Figure 5.4. Some (40%) 
of the households were of the opinion that both government and private investment 
in the water and sanitation sector is needed, while 33% opined that strict legislations 
is the best way of addressing the problem. About 17% of the respondents are of the 
opinion that community participation is the best strategy for addressing the current 
problem. Lastly, 10% of the households view controlling of wastes from source as 
the best alternative.  
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Figure 5.4 Households views on ways of achieving sustainable groundwater management 
 
5.5. Hydrogeological Dimension 
This sub-section presents the results from the hydrogeological investigations carried 
out in the study. 
 
5.5.1 Site Description for Hydrogeological Assessment 
 
In relation to the sources of contamination, the potential sites selected to carry out 
the sampling all fall within the Gwange and Moduganari areas of the metropolis. 
These are the areas with the highest anthropogenic impacts due to highest 
population densities, poor sanitation systems, and the ever increasing urban informal 
settlements. The borehole selection criteria and sampling strategy outlined in the 
methodology chapter was used to identify the potential sites for carrying out the 
hydrogeological assessment in relation the contamination sources. The boreholes 
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selected are all within 100 meters vertical interval from potential contamination 
sources. Also, the full details of the physico-chemical parameters of interest as well 
as the overall hydrogeological methodologies employed in the study are provided in 
the methodology chapter. 
 
5.5.2 Pollution Pathways in Maiduguri  
 
The potential pathways in the study area taken by these contaminants to travel is 
through the pore spaces of the sediments and fractures that exists in the 
sedimentary formations of the area; the contaminants move downward through this 
medium and infiltrate into the unsaturated zone and then to the saturated zone.  A 
borehole strip log of selected boreholes constructed by this study for Moduganari 
and Gwange areas revealed that the Chad formation is constituted of sand, coarse 
sand (gravel), silt, and interbedded clay layers (Figure 5.5). 
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Figure 5.5 Strip logs of selected boreholes in Moduganari area showing the local 
geology and aquifer 
 
An investigation of the uppermost sandstone unit in Moduganari area reveals that 
the sandstone layer is close to 20 meters as shown (Figure 5.5) above. This layer is 
wholly composed of coarse sand (1mm) and medium sand (500µm) particles 
constituting about 24.4% and 17.9% of the total sediment sample respectively. This 
layer is also characterised by fine gravel (2mm) with about 15.8 weight percentage. 
Other components of this sandstone layer include fine sand (150 µm) and coarse silt 
(63 µm) representing about 5.62% and 4.4% of the total weight percentage (Tables 
5.8. and 5.9). The distribution of the grain morphology showed that 31% of the 
sandstone samples have very angular grains; about 17% of the samples have 
angular grains. Also, another 17% of the samples have sub-angular grains, 22% with 
sub-rounded grain shapes, and lastly 11% of the total samples have rounded grains 
(Figure 5.6). 
162 
 
Figure 5.6 Grain Morphology analyses for Moduganari area (site 1) 
 
Figure 5.7 Strip logs of selected boreholes in Gwange area showing the local geology 
and aquifer 
 
 
Similarly in Gwange area, the uppermost layer is made up of the mixture of 
sandstone and clay. The layer is about 10 metres thick (Figure 5.7), the samples 
obtained for this layer show that it is principally composed of fine gravel (2mm) 
constituting about 13.63% of the sample. Coarse sand with varying sizes that ranged 
between 1mm-500 µm contained greater portion of the sediment sample. Also, grain 
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morphology results for the sandstone samples obtained show that about 26.3% of 
the total samples have very angular grains, while 13.2% have angular grains, and 
another 13% of the total samples have sub-angular grains. Likewise, 39.5% of the 
total samples have sub-rounded grains, while 7.9% has rounded grains (Figure 5.8). 
The overall results of grain morphology for 5 and 10 metres are summarised and 
presented in Tables 5.8 and 5.9 respectively. 
 
 
Figure 5.8 Grain Morphology analyses for Gwange area (site 2) 
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5.6 Pathway Mineralogical Composition Analyses Results 
 
The modal composition analyses of the sediment samples in sites 1 and 2 indicated 
that the major mineralogical constituents of the sediments were; Quartz, orthoclase 
feldspar, Albite, microcline feldspar, zircon, iron oxide (Tables 5.8 and 5.9). Quartz 
and feldspar are the predominant minerals with quartz exceeding feldspar as 
Microcline feldspar and Albite also constitute moderate proportions in the samples.   
 
 
Table 5.8 Modal Composition results for site 1(Percentage Composition) 
Mineral 
composition 
Site 1 
sandstone (5m) 
Site 1 
sandstone 
(10m) 
Site 1siltstone 
(5m) 
Site 1 siltstone 
(10m) 
Quartz (SiO2) 35% 40% 44% 36% 
Orthoclase 
feldspar 
(KAlSi3O8) 
29% 20% 19% 24% 
Microcline 
feldspar 
(KAlSi3O8) 
20% 19% 14% 18% 
Albite 
(NaAlSi3O8) 
10% 16% 14% 13% 
Zircon (ZrSiO4) - - 2% 3% 
Iron Oxide 
(Fe2O3) 
6% 5% 7% 6% 
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Table 5.9 Modal Composition results for site 2 (Percentage Composition) 
Mineral 
composition 
Site 2 
sandstone (5m) 
Site 2 
sandstone 
(10m) 
Site 2 siltstone 
(5m) 
Site 2 siltstone 
(10m) 
Quartz (SiO2) 40% 35% 39% 30% 
Orthoclase 
feldspar 
(KAlSi3O8) 
29% 21% 22% 30% 
Microcline 
feldspar 
(KAlSi3O8) 
16% 20% 20% 19% 
Albite 
(NaAlSi3O8) 
11% 13% 17% 14% 
Zircon (ZrSiO4) 4% 2% 2% 3% 
Iron Oxide 
(Fe2O3) 
- 9% - 3% 
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Table 5.10 Summary of particle size distribution (%) at the depth of 5m 
 2mm 1mm 850µm 710µm 500µm 425µm 300µm 250µm 150µm 63µm Pan  
Max. 15.77 26.06 6.72 9.12 18.55 5.51 6.31 7.24 29.61 26.29 8.01 
Min.   2.79  11.26 2.8  2.08  4.36 2.3 3.35 3.32 5.02 3.86 0.39 
Avr. 9.36 18.45 4.67 5.70 11.52 3.99 4.67 5.11 17.01 14.94 3.65 
Std.  7.07 7.80 2.20 3.94 7.76 1.65 1.45 1.96 13.52 12.49 3.61 
 
Table 5.11 Summary of particle size distribution (%) at the depth of 10m 
 2mm 1mm 850µm 710µm 500µm 425µm 300µm 250µm 150µm 63µm Pan  
Max. 13.36 10.81 13.1 12.11 13.42 8.8 8.1 9.91 25.6 22.1 7.12 
Min.   1.99 7.7 3.1 3.9 3.8 3 2.89 4.5 3.21 2.99 0.61 
Avr. 7.67 9.37 7.88 6.87 8.42 5.94 5.74 7.36 15.06 12.66 3.74 
Std.  5.47 1.30 4.97 3.83 4.87 3.09 2.69 2.27 11.21 9.89 3.47 
 
Table 5.12 Summary of grain morphology results at the depth of 5m  
Location  Very angular Angular Sub angular Sub rounded Rounded Well rounded 
1 31.11 17.8 17.8 22.22 11.11 0 
1 22.03 23.72 25.42 18.64 10.16 1 
2 26.3 13.2 13.2 39.5 7.9 2 
2 22.6 24.5 22.6 20.8 9.4 0 
Average  25.5 19.8 19.7 25.2 9.6 0.75 
Note: all values are expressed in percentage 
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Table 5.13 Summary of grain morphology results at the depth of 10m  
Location  Very angular Angular Sub angular Sub rounded Rounded Well rounded 
1 26.41 20.75 15.09 24.52 13.2 0 
1 16.7 14.81 24.07 29.62 14.81 1 
2 24.5 20.4 22.4 22.4 10.2 1 
2 17.7 16.1 22.6 29 14.5 0 
Average  21.3 18 21 26 13.1 0.5 
Note: all values are expressed in percentage 
 
Table 5.14 Summary of mineral composition of sediments obtained at 5 and 10 meters depth 
Depth  Quartz  Orthoclase 
feldspar  
Microcline 
feldspar 
Albite  Zircon  Iron Oxide Accessory 
minerals 
5 meters 38.5±0.03  24.7±0.04 17.5±0.02 13±0.03 2±1.4 3.25±3 1.01±00 
10 meters 35.2±0.03 23.5±0.03 19±0.00 14±0.01 2±0.01 5±0.02 1.0±0.00 
Note: all values are expressed in percentage
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5.7 The Groundwater System 
 
The groundwater of the upper aquifer of the study area occurs within the quaternary 
Chad formation; it is exploited via shallow boreholes, hand dug wells and tube wells. 
As shown by the model, this aquifer is subdivided into A and B zones in Gwange 
area (Figures 5.9). The depth to the water table in this area ranges between 6.40-15 
metres depending on a particular location. 
 
 
 
Figure 5.9 Conceptual representation of the upper aquifer in Gwange area 
 
Contrastingly, in Moduganari area the upper aquifer is sub-divided into A, B, and C 
zones (Figure 5.10). Similarly, it is tapped via shallow boreholes and tube wells. The 
depth to water ranges between 2-17 metres.  
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Figure 5.10 Conceptual representation of the upper aquifer in Moduganari area 
 
 
5.7.1 Groundwater Quality  
 
An investigation carried out by this study ascertains the current quality status of the 
groundwater of the study area due to the impact of the pollution sources evaluated in 
chapter 3.  
 
5.7.1.1 Groundwater Physical Quality Results 
 
The pH results obtained for the groundwater in site 1, range from 6.61 to 7.57 with 
an average of 7.76. In site 2, the result showed that the pH varies from 6.2 to 7.31 
with an average of 6.81.  
 
The obtained EC and TDS values for the groundwater in site 1 ranged from 123 to 
200 μS/cm, and 85 to 175 mg/L. Their mean values are 169.8 μS/cm and 146.8 mg/l, 
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respectively. Also in site 2, the EC values ranged from 97 to 213 μS/cm. The mean 
value of the EC for site 1 is 168μS/cm, while the amount of total dissolved solid in 
the groundwater varies from 103 to 181 mg/L with a mean value of 138 mg/L.  
 
Respective minimum and maximum temperatures obtained for site 1 vary from 32.3 
to 35.4°C, with a mean value of 33.6°C. That of site 2 varies from 26 to 32°C, with an 
average of 28.9°C.   
 
5.7.1.2 Groundwater Chemical Quality (non-anthropogenic parameters) 
Results  
 
The concentration of the major cations show that the alkaline and alkali metals are 
dominant in all the groundwater samples of both sites; in site 1, Na+ recorded highest 
and lowest mean values (25.2 and 10.5 mg/L) in BHM7 and BHM9 respectively; in 
site 2, Na++ recorded highest mean value (28.11 mg/L) in BHG6 and lowest (4.2 
mg/L) in BHG1.  
 
Also, highest and lowest concentrations of 28.5 and 18 mg/L were obtained in BHM8 
and BHM5 for Ca++ in site 1. Similarly, in site 2, highest and lowest mean 
concentrations of calcium (26 and 7.65 mg/L) were recorded in BHG8 and BHG6 
respectively. Likewise, in site 1, highest and lowest mean concentrations of 17.2 and 
7.22 mg/L were separately recorded for K+ in BHM3 and BHM6. In site 2, the highest 
mean value of 18.2 mg/l was obtained for K+ in BHG3 while the lowest concentration 
of 4.94 mg/L was recorded in BHG6.   
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Additionally, the concentration of magnesium also varied across the boreholes in 
both sites. In site 1, the highest concentration is 14.6 mg/l in BHM9 (Figure 5.11), 
while the lowest is to 6.6 mg/l in BHM6. Furthermore, in site 2, magnesium recorded 
highest mean concentration of 15.1 mg/L in BHG10 and lowest concentration of 7.31 
mg/L in BHG4. 
 
 
Figure 5.11 Concentration of cation in groundwater samples of Moduganari (site 1) 
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Figure 5.12 Trilinear plot showing concentration of cations and anions in two 
boreholes of sites 1 and 2. 
 
The trilinear plot (Figure 5.12) shows that the concentration of the cations in the 
groundwater is within the WHO permissible limits (Table 5.15). Thus, the 
groundwater quality is good at present.  
 
5.7.1.3 Groundwater Chemical Quality (anthropogenic indicator parameters) 
Results  
 
Result of the groundwater quality analysis shows minor traces of contaminants such 
as nitrate, chloride, sulphate and phosphates which are mainly of anthropogenic 
origin. 
  
Result show that; in site 1, nitrate is having varied concentration that ranged from 
25.2 mg/l in BHM7 to 10.5 mg/l in BHM5. Similarly in site 2, nitrate recorded highest 
and lowest concentrations of 25.3 and 8.11 mg/L in BHG8 and BHG6 (Figure 5.13) 
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respectively. Likewise, in site 1, chloride recorded highest concentration of 16 mg/L 
in BHM1 and lowest of 2 mg/L in BHM7. In site 2, highest and lowest concentrations 
for Cl were recorded in BHG9 (Figure 5.14) and BHG4. 
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Figure 5.13 Cross section (D-D’) showing boreholes 9 and 3 including their 
constituents’ time series and radial diagram in Gwange area 
 
 
Figure 5.14 Concentration of anthropogenic indicator parameters in Gwange (site 2) 
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Table 5.15 Comparison of groundwater physico-chemical quality result of the study to established standards 
Parameter  Unit This study (average) BGS/water aid (2003) WHO limits 
 Site 1 Site 2   
pH - 7.15 6.8 - 6.5-8.5 
EC  169.8 155.8 - 1500 
TDS mg/L 146.8 138.4 - 1000 
Temp °C 33.6 28.9 - - 
Na mg/L 17.8 15.4 7.1-764 200 
K mg/L 12.1 10.5 - 30 
Ca mg/L 21.7 17.5 2.2-68 200 
Mg mg/L 10.94 11.1 - 150 
Cl mg/L 7.1 9.4 0.5-68 250 
SO4 mg/L 1.3 2.2 <0.5-330 400 
PO4 mg/L 0.56 0.8 - 200 
NO3 mg/L 15.98 14.6 <0.4-102 50 
CO3 mg/L 132.3 125.1 - - 
HCO3 mg/L 225.7 201.9 - - 
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Table 5.16 Chemical parameters mean values with standard deviation for boreholes in site 1 
Parameter BHM1 BHM2 BHM3 BHM4 BHM5 BHM6 BHM7 BHM8 BHM9 BHM10 
Na 19.6c±0.61 21.3b±0.87 18.3de±0.15 21.5b±0.11 16.2f±0.15 18.6cd±0.01 25.2a±0.20 17.3e±0.30 10.5g±0.10 19.22cd±0.01 
K 14.3d±0.15 13±e0.55 17.2a±0.58 15c±0.06 12.5e±0.10 7.22h±0.00 16.5b±0.06 15.3c±0.10 8.66g±0.01 11.3f±0.00 
Ca 21.8d±0.06 19.6f±0.15 20.5e±0.06 22c±0.02 18h±0.10 24.8b±0.20 19g±0.06 28.5a±0.06 22.3c±0.05 20.6e±0.00 
Mg 11.2de±0.06 12.4c±0.05 9.6g±0.15 11.5d±0.05 10f±0.05 6.6h±0.0.06 12.8b±0.06 9.7g±0.10 14.6a±0.25 11e±0.06 
Cl 16a±0.05 4d±0.10 12b±1.00 10c±0.05 9.1c±0.05 3.2de±0.05 2e±0.06 10c±0.20 3de±1.00 2.2e±0.06 
SO4 0.3f±0.05 0.07h±0.00 1.58c±0.03 0.17gh±0.05 3.1b±0.06 0.5e±0.10 0.24fg±0.06 5.47a±0.04 0.32fg±0.10 1.25d±0.00 
PO4 0.12h±0.00 0.23g±0.00 0.46e±0.02 0.67c±0.05 0.78b±0.06 0.89a±0.00 0.34f±0.06 0.45e±0.01 0.54d±0.00 0.77b±0.01 
NO3 12.6de±0.10 10.8f±0.70 17.7c±0.35 23.5b±0.05 10.5f±0.06 13d±0.06 25.2a±0.35 11.3ef±0.30 17.2c±0.20 18c±1.00 
CO3 180a±1.00 132c±2.00 132c±1.00 181a±0.05 156b±1.00 132c±0.06 157b±0.60 84e±2.00 73.2f±1.00 97.63d±0.06 
HCO3 183b±0.04 164.7h±0.60 250.2c±0.85 195.3f±0.35 244.1d±0.10 219.7e±0.75 268.5b±0.25 299a±4.00 168h±3.00 264b±1.00 
Results are Mean of triplicates ± SD. Results on the same row followed by different superscript letter (a-h) indicate significant difference (p ≤ 0.05) by (ANOVA) using Tukey grouping test. 
Table 5.17 Chemical parameters mean values with standard deviation for boreholes in site 2  
Parameter BHG1 BHG2 BHG3 BHG4 BHG5 BHG6 BHG7 BHG8 BHG9 BHG10 
Na 4.2g±0.44 13.5e±0.27 17.6c±0.26 11.3f±2.14 15.4d±0.48 28.11a±1.25 23b±0.96 16.31d±0.61 11.53f±0.50 12.86e±0.46 
K 8.03ef±0.11 12.2c±0.42 18.2a±0.15 7.4f±0.49 10.4d±0.40 4.94h±1.09 14.99b±0.28 14.5b±0.39 8.3e±0.35 6.04g±0.05 
Ca 10.5cd±0.45 21.03b±1.07 23b±0.42 13.1c±0.10 19.6b±0.39 7.65d±1.39 22.4b±0.59 26a±3.75 21.1b±0.07 10.7cd±0.60 
Mg 9.5h±0.55 10.8e±0.02 11.2d±0.03 7.31i±0.42 9.77g±0.05 13c±0.16 10.1f±0.02 10.2f±0.03 13.9b±0.09 15.1a±0.90 
Cl 6.4g±1.47 7.5f±0.45 10.12d±0.07 13.7b±0.47 6.2g±0.15 12.9c±0.59 14.8a±0.56 8.9e±0.06 4.95h±0.16 8.6g±1.03 
SO4 0.51c±0.04 0.12f±0.02 2.14c±0.02 1.32d±0.49 4.2b±0.04 2.6c±0.53 0.53ef±0.06 7.3a±0.06 0.91de±0.09 2.14c±0.04 
PO4 0.36d±0.02 0.29e±0.02 0.42de±0.01 0.98b±0.15 0.78c±0.02 2.6a±0.56 0.48d±0.03 0.54d±0.01 0.81c±0.02 0.92bc±0.02 
NO3 12.5d±0.84 12d±0.14 10.9e±0.13 17.9c±0.06 21b±0.11 8.11f±0.76 13.3d±0.24 25.3a±0.89 12.2d±0.30 12.9d±0.02 
CO3 91f±2.00 142d±1.52 137d±1.52 72.7f±1.52 140d±1.00 158c±1.00 178a±2.51 163b±3.05 94.3e±1.52 75.1f±1.50 
HCO3 119j±0.53 160g±0.80 230c±0.58 176i±1.73 191d±2.08 242b±0.70 219e±0.49 293a±2.51 172f±1.00 217h±1.00 
Results are Mean of triplicates ± SD. Results on the same row followed by different superscript letter (a-h) indicate significant difference (p ≤ 0.05) by (ANOVA) using Tukey grouping tes
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Also, in site 1 of the study area, sulphate has highest and lowest concentration of 
5.47 and 0.07 mg/L in BHM8 and BHM2 respectively, while phosphorous recorded 
highest concentration of 0.89 mg/l in BHM6 at the same site and lowest 
concentration of 0.12 mg/L in BHM1 (Table 516). Similarly in site 2, sulphate has 
highest mean concentration of 7.3 mg/l in BHG8, and BHG2 has the lowest sulphate 
concentration of 0.12 mg/l (Figure 5.15); also in the same site, phosphorus has 
highest concentration of 2.6 mg/l and lowest of 0.29 mg/L in BHG6 and BHG2, 
respectively. 
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Figure 5.15 Cross section (C-C’) showing profile of boreholes 7and 8 including their 
constituents (anions) in Gwange area 
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5.7.1.4 Groundwater Chemical Quality Concentration of Other Ions 
 
The concentration of other ions such as carbonate and bicarbonate in groundwater 
of both sites vary considerably;  in site 1 the concentration of bicarbonate vary 
between 299 and 164 mg/l in BHM8 and BHM2 respectively; in site 2 it varies from 
293 mg/l in BHG8 and 119 mg/l in BHG1. Similarly the concentration of carbonate 
varies considerably across the boreholes of the two sites; in site 1, lowest 
concentration of 73 mg/l was recorded in BHM9 and the highest 0f 181 mg/l in 
BHM4. In site 2, lowest and highest concentrations of 72 mg/l 178 mg/l were 
recorded for BHG4 and BHG8 respectively. 
 
5.8 Discussions 
This section provides a detailed discussion on the results of both the social and 
hydrogeological dimensions. Sub-section 5.8.1 presents the social aspects 
discussion, while sub-section 5.8.2 presents the hydrogeological aspects discussion. 
 
5.8.1 Discussion of social aspects  
 
More frequently, the quantity of water used is related to the household size and 
household income, hence the households with highest number of inhabitants and 
those with high income are likely to consume significant volume of water in the study 
area. In view of this, AICD (2011) reveals that annual income of most individuals 
inhabiting less affluent settlements in Sub-Saharan African countries and other 
developing nations is often generally low. In the study areas, the situation is not quite 
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different. This skewed income distribution can be attributed to the differences in 
socio-economic activities of the various households. The low to moderate income 
earnings in these areas will also have implication for the willingness to pay for the 
provision of extra sanitation activities and this will ultimately affect the sustainability 
of managing wastes generated. 
 
Likewise, in Sub-Saharan Africa most households are relatively large because of the 
polygamous and extended family structure. However, this century long tradition is 
presently losing popularity due to the economic liability associated with it, and 
modernism. Household size has implication for the amount of wastes generated and 
the quantity of water consumed per day. Considering the existing low level of 
sanitation facilities in the study area, household wastes generated are often left 
unattended by communities.  
 
A discussion of the issues identified, building on the findings of Bakari et al. (2014), 
shows that environmental problems, impacting negatively on groundwater resources, 
are widespread in the study area, so accordingly most interviewees are familiar with 
these is-sues, at least at a basic level. However, in a few instances some of the 
interviewees failed to give convincing accounts of these issues. The interviewees 
from academia, ministries of Water, Environment and Health were the most 
knowledgeable; likely related to their high level of education and professional 
involvement in dealing with environmental issues in their respective roles. Despite 
the differences in their understanding, all interviewees were keen to be involved in 
addressing the environmental problems; this is probably because they are in a 
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position of authority, hence they see it as a vested responsibility as far as their 
organisations are concerned.  
 
Conversely, awareness about groundwater contamination is very limited in the 
general population focus group category. Participants in this category are typically 
individuals with little relevant education such as farmers, local business owners and 
traders that constitute the bulk of the urban, less-affluent populace. Similarly, the 
household survey revealed that most of the respondents are not knowledgeable 
about groundwater contamination; with more than 87% (n=288) of the households 
unfamiliar, only a minority (12.2%) of the respondents are informed about this issue. 
Survey results clearly indicated a low level of environmental awareness among the 
general populous.  
 
The majority of those interviewed from a relatively highly educated background were 
worried that consuming contaminated groundwater can be very harmful to human 
health. The respondents from the relatively poorly educated background typically 
showed little interest in issues related to the causes of groundwater contamination in 
their respective areas. It can be generally observed that level of education is a 
decisive factor in showing concern for the environment. 
 
Public health issues are universally of greater concern than the environment. In 
general interviewees were wary of the effect of consuming contaminated water 
because of their familiarity with health risks. Water-related illnesses are prevalent in 
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most developing countries, particularly in sub-Saharan Africa. The general lack of 
concern over groundwater contamination, among poorly educated focus group 
participants/survey respondents, was related to the potable status of their current 
water supplies. It also however relates to their increased concern of other socio-
economic issues which affect their lives, in particular poverty. In this context, it is 
important to note that most participants and households surveyed live on less than 
the global benchmark of $1 per day, indicating extreme poverty. As previously noted 
the poor level of education plays a significant role in the ability of low-income 
individuals to make informed decisions on issues related to groundwater 
contamination. 
 
The common causes of groundwater contamination drawn from the interviews and 
focus groups are largely due to the widespread utilisation of pit latrines and open 
dumpsites, commercial activities and agricultural practices. Domestic and 
commercial wastes are prevalent and widespread, while agricultural wastes are also 
generated, albeit in smaller amounts. The population density is estimated to be 
around 300-400 inhabitants per square kilometre, with a high number of inhabitants 
per household. The household survey revealed that 48.3% of the respondents affirm 
that pit latrine is the biggest causal factor of groundwater contamination, open 
dumpsites was next in rank with 28.5%; other sources such as domestic wastewater, 
tanneries, dyeing works constitute about 15.3%, and chemical and fertiliser 
application upstream of the residential areas make up the remaining 8.0%. 
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Open dumping and burning of all forms of waste in pits and in open spaces are 
common. The preference of these methods in the area has been practiced for a very 
long period. As previously identified it is obvious that the general public have little 
regard for the environment due to the predominant lack of awareness. Adequate 
waste collection facilities are lacking, and this has greatly influenced the attitude of 
the people towards poor waste disposal practices. Thus, it can be concluded that an 
attitude of indiscriminate waste disposal exists among the people.  
 
The prevalence of these contamination sources in the study are is due to the cultural 
affiliation of the people towards on-site sanitation facilities, the unequal service 
provision rendered by the government, poverty, low level of public awareness, and 
lack of hygiene education among others. Thus, reversing these trends will require a 
shift from the current system to a more integrated and sustainable one. 
 
5.8.1.1 Other issues stressed by stakeholders  
 
Other issues highlighted by the institutional stakeholders include, low capacities by 
the local water user groups, poor institutional collaboration at both state and national 
levels. This has resulted in overlapping of functions between the three tiers of 
government and their agencies. Also, the study has identified a huge gap at the 
institutional levels; poor knowledge about modelling tools for decision making.  
Taking into consideration, existing conflicting institutional irregularity between the 
different agencies has undesirably affected the efficiency of water supply in the 
entirety of the case study area.  
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The above statement is in line with the judgement of the Word Bank (2012) that poor 
coordination between the National and regional level as well as among different 
water agencies and allied organisations is a major constraint in achieving 
sustainable groundwater management in developing countries. Hence, the different 
approaches adopted by the various agencies responsible for water supply have 
undermined the utilisation of groundwater resources in Nigeria. This is in harmony 
with the investigations of Hanidu (2003) and Goni (2006) in the country. 
 
Other key impediments for institutional sustainability according to the institutional 
stakeholder‘s include shortage of skilled manpower for the development of 
appropriate local technology and the adoption of new technologies. Conversely, the 
availability of a sizeable number of qualified manpower to deal with hydrogeological, 
engineering, environmental and managerial aspects of groundwater resource 
management is extremely low in the case study area. This component is paramount 
in achieving sustainability. Another important issue related to technical problem is 
the lack of reliable management information system and monitoring network. Goni 
(2006) and Offodile (2006) argued that the number of well-trained professionals 
(hydrogeologists, water engineers, and technicians) responsible for handling and 
managing water projects is extremely low.   
 
Lastly, the stakeholders attest that inadequate funding is a major problem in Borno 
state; funds and subvention allocated to the state ministry of water resources are 
extremely insufficient, considering its current low level of operation and the ever 
increasing water demand across the state. In this regard, the current insufficiency 
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funding has affected the maintenance and repair of ageing utilities, spare parts of 
water works, boreholes pumps and generating sets in the case study area (Bakari 
and Jefferies, 2013).  In relation to this, the AICD (2011) carried out an investigation 
and confirmed that most utilities across Nigerian cities operate poor infrastructure 
and about two-thirds of Africa‘s urban population is served by ageing water utilities.  
 
Adequate funding is not available to the public water agency for expansion or 
rejuvenation of its ageing infrastructure in the case study area; expansion of urban 
utilities in Nigeria could not keep up with the population growth due to poor 
budgetary provision for the water sector by all the three tiers of government in the 
country. Funding issues in the water sector is a major problem in Nigeria and in most 
developing countries. This situation conforms with the view of Lloyds (1994) that 
funding of water schemes in developing countries is often difficult and extremely 
hard to obtain. This issue have been highlighted by Offodile (2003) and Tijani (2006) 
in Nigeria. Also inadequacies of funds affect the maintenance and expansion of 
water utilities across the country; this is in agreement with the judgment of Helwig 
(2000). 
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5.8.2 Discussion on hydrogeological aspects 
 
5.8.2.1 Pollution Pathways 
 
The pore spaces of the overlying sedimentary formation (the Quaternary Chad 
Formation) are the most probable pathways through which contaminants travel into 
the underlying aquifers. The stratigraphy of the study area is mainly constituted of 
sand, silt and clay, and gravel in descending order. This chronological arrangement 
seems to suggest fluvial depositional sequence, the gravely nature of the lower unit 
suggest sedimentation under high energy environment with the upper silt and clay 
units deposited later as the energy of the transporting medium subsided, gravely 
materials thus being deposited at the base.  
 
The degree of angularity of the sediment samples, as highlighted in the results, 
expresses the ratio of the average radius of curvature of the edges of the respective 
grain classification categories to the radius of curvature of their maximum inscribed 
sphere. The dominance of angular and very angular grains as presented in the grain 
morphology analyses probably had direct relationship with the attenuation capacity 
of the sediments of the study area; thereby increasing the attenuation capacities of 
the sedimentary unit which provide protective cover for the upper unconfined aquifer 
system.  
 
Arguably, it is possible that the heterogeneity and complexity of the sediment‘s 
interlocking pattern restricts the vertical movement of contaminants, thereby affecting 
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the fate of anthropogenic contaminants within the geo-system and hence the limited 
amount of contaminants in the groundwater. However, it is noteworthy that fractures 
and secondary pore spaces that exist within the geo-system can be a potential 
pathway for contaminant migration and movement in the sub-surface.  
 
5.8.2.2 Groundwater Physical Quality 
 
pH is a measure of the hydrogen ion concentration in solution and is also referred to 
as the degree of acidity or alkalinity. The distribution of pH for the two areas 
suggests that the groundwater in site 1 is alkaline while that of site 2 is acidic-
alkaline in nature. Both mean pH values obtained are within WHO permissible limit. 
The alkalinity and acidity of the pH values in both sites may be due to the presence 
of dissolved carbon dioxide and organic acids (fulvic and humic acids) in the 
groundwater, which might be derived from the decay and subsequent leaching of 
plant materials and other biological processes (Langmuir, 1997; Stuart and Reeder, 
2008). 
 
Also, the relatively low to moderate values of EC and TDS in both sites signifies 
lower residence time of ground water within the Chad formation; this is because the 
upper aquifer is continuously recharged by rainfall; which causes significant dilution. 
Also, the occurrence of low EC values indicates a low degree of mineralisation and 
input from the agricultural activities upstream of both sites. Consequently, the low 
TDS values also suggest that inputs of salts from the anthropogenic sources of 
pollution in both sites are minimal. 
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The temperature of the groundwater of the study area is slightly higher than the 
natural background levels of 22 to 29°C for waters in the tropics which is not 
preferred. Mostly, cool waters are more potable for drinking purposes; waters with 
temperature above the normal human body temperature are usually preferred in the 
tropics, though not totally objected. High temperature conditions may not be 
desirable for water samples as it encourages the growth of micro-organisms, which 
have the potentials of altering the odour, taste and colour to the water (Stumn and 
Morgan, 1981). Metal corrosion problems are also associated with high temperature 
especially when the pH of the water happens to be skewed to extreme. 
 
5.8.2.3 Chemical Quality non-anthropogenic Parameters 
 
The distribution of sodium, calcium, potassium and magnesium indicates that their 
concentrations across all the samples of both sites are significantly different (p<0.05) 
across the various boreholes. The results suggest that natural processes occurring 
within the geological formations such as ion-exchange processes, silicate weathering 
and calcium carbonate dissolution are the major factors affecting their concentration 
in varying proportions in the groundwater samples of the study area (Lakshmanan et 
al., 2003).  
 
5.8.2.4 Chemical Quality Anthropogenic Indicator Parameters 
 
In both sites, the concentration of chloride varied across the boreholes (p<0.05). The 
source of chloride in the study area can be correlated with the widespread 
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anthropogenic point-source pollution sources such as the widespread occurrence of 
pit latrines, open dumpsites, and the uncontrolled domestic wastewaters emanating 
from the cluster of informal settlements of the case study area, as well as agricultural 
inputs from upstream manure application in farm lands. Nolan et al. (2002), Squillace 
et al. (2002) and Singleton et al. (2005) estimate that chloride concentration in the 
range of 13 to 18 mg/l indicate anthropogenic input.  
 
The variation in concentration of chloride in site 1 is due to the location of a dumpsite 
in the south-eastern part of the area, while the borehole (BHM5) furthest away from 
the dumpsite is having minimal concentration of chloride, thus, this showed 
significant difference in their concentration. Hence, the dumpsites have impacted 
negatively on the groundwater system. This is also true for site 2, where elevated 
chloride concentration was observed in the borehole (BHG8) located in the western 
part of the area (dense pit latrine concentration), and the lowest concentration was 
found in the northern part which receives less impact (less dense). These differences 
can be related to the dissimilarity of anthropogenic activities in the two locations; the 
former location receives high chloride probably because it is very close to the river 
Ngadda Bank where huge amount of solid wastes are disposed in dumpsites, and 
residential areas served by pit latrines. 
 
Elevated concentration (> 250 mg/L) of chloride in waters is an indication that the 
waters are at the risk of pollution (Atabey, 2005). The levels of chloride in waters are 
of particular importance for use in drinking water. Also, chloride ions can be 
introduced as atmospheric inputs from rainfall recharge. The latter assumption was 
validated by a previous study carried out by Edmunds et al. (1999), where they 
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measured chloride concentration of 2.1 mg/l in the present day rainfall of the study 
area.  
 
Also, Edmunds and Street-Perrott (1996) and Gaye and Edmunds (1996) have 
analysed the rainfall chemistry in this region and estimated concentration of chloride 
as 1.28 and 0.61 mg/l for dry and wet seasons, respectively. The moderate level of 
chloride in all the samples of sites 1 and 2 suggests that the anthropogenic input due 
to the furthest distance of this inland aquifer from the coastal zone where chloride 
concentration is very high.  
 
Thus, the concentration of both sulphate and phosphorous varied and hence 
concentrations are significantly different (p<0.05). Sulphate occurs naturally in 
geological materials, in igneous rocks; sulphur occurs mostly as metallic sulphides 
and is fairly distributed in the various rock types. In arid sedimentary basins, the 
highest abundance is in gypsum and anhydrite (van Helvoort et al., 2009). The main 
anthropogenic sources of sulphate in groundwater of the study area can be 
attributed to application of agrochemicals, the mining of gypsum in the western part 
of the Basin and contemporary acid rain (Quevauviller et al., 2009). However, in the 
study area, Goni et al. (2001) have analysed the rainfall geochemistry of the region, 
and posits that sulphate in the region is derived from atmospheric mixing of aerosols, 
and from ash of burnt forests.  
 
Anthropogenic sources of phosphate in the study area include human sewage and 
the routine use of non-biodegradable detergents. As a result of the monotonous 
agricultural activities up stream of both sites especially near the Lake Alau Dam and 
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Biu/Damboa Road, phosphates derived from the application of fertiliser in these 
areas are continuously added to soil and leaches to underlying aquifers gradually as 
observed during the field work. Long-term over-application of manure and chemical 
fertiliser has been known to contribute to phosphorus movement into the 
groundwater system (Domagalski and Johnson, 2012).  
 
5.8.2.5 Concentration of other Ions 
 
The bicarbonate and carbonate ions in the groundwater samples of both sites 
originate from the solution of CaCO3 in groundwater made by acid dissolving CO2 
gas from the atmosphere and soil. Also, their concentration can be linked to the 
dissolution and ion exchange processes occurring within the huge limestone deposit 
sources in the south-western part of the Basin.  
 
 
5.9 Summary and conclusion 
 
This chapter presented the views and opinions of both strategic and primary 
stakeholders in addressing the issues of groundwater contamination in the case 
study area. Stakeholder‘s knowledge, opinions and concerns with respect to 
environmental problems are explored in this regard. Knowledge about groundwater 
contamination issues is very high among the strategic stakeholders interviewed; and 
they are keen to be part of addressing this problem. Also, awareness and concerns 
on the above-mentioned issue is unconvincingly low among the primary stakeholders 
engaged via focus group and household surveys. 
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According to all the categories of stakeholders engaged, the major environmental 
problems occurring in the case study area are principally related to anthropogenic 
activities; the proliferation of pit latrines, incessant waste disposal, and other non-
point sources of contamination across the city. Accordingly, pit latrines and open 
dumpsites constitute the highest negative impacts on groundwater resources of the 
case study area. None of the stakeholders mentioned industrial sites as sources of 
contamination. Likewise, all the stakeholders confirm that residential and commercial 
wastes from local businesses are dominating the scene. Lastly, open dumping, 
burying in pits, and burning are the most preferable waste disposal methods in the 
case study area.  
 
Also, other important issues acknowledged by the participants of the interview 
include funding issues, and the inadequacy of technical and human capacities. 
Hence, capacities to deal with pollution threats are extremely insufficient and needed 
to be strengthened. This can be ensured by training members of staff on water 
quality issues and implementation of groundwater monitoring networks. On the other 
hand, sensitisation of the general public about pollution threats, identification of 
potential threats to groundwater systems will enhance their capacities. Furthermore, 
the stakeholders suggested that the problems can be addressed through active 
community participation, increase in investment, controlling waste from the source, 
and strict legislations.  
 
Almost all the institutional stakeholders engaged are of the view that there is no 
evidence of contamination in the study area. Likewise, despite their limited 
knowledge about groundwater contamination, the water user groups engaged via 
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focus group discussions and household surveys confirmed that they are not affected 
by groundwater contamination problems. Table 5.18 below presents the major 
summary from the social engagement aspect of this study. 
 
Table 5.18 summary of key points opined by the various stakeholder groups  
Stakeholder category  Engagement strategy Key points/ opinions  
Institutional stakeholders  Interviews  Stakeholders are 
knowledgeable about issues 
related to groundwater 
contamination 
 
The groundwater quality is 
currently good and safe for 
consumption 
   
  Concerns about groundwater 
contamination is extremely 
high  
   
  Major environmental 
problems are due to the 
influence of anthropogenic 
activities 
   
  Pit latrine and open 
dumpsites constitutes the 
highest impact  
   
  Funding in the water sector 
is limited 
   
  Technical and human 
capacities to curtail 
contamination are low 
   
  Poor institutional 
collaboration at local, state 
and federal levels. Hence the 
need for further commitment 
and streamlining of 
responsibilities 
   
  Current legislations are weak 
and existing approaches to 
waste management  are 
inadequate 
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Primary stakeholders as 
water user groups 
Focus groups  
  Knowledge about 
contamination is very low 
   
  Concerns about groundwater 
contamination is extremely 
low 
   
  Participants confirm that pit 
latrines and dumpsites are 
the major perceived sources 
of contamination 
 
Participants are not affected 
by issues of groundwater 
contamination 
   
  Open dumping and pit burial 
is the most common waste 
disposal method 
   
  Wastes generated are 
commonly residential and 
commercial 
   
 
 
 
 
  
Local residents as water 
user groups 
Household survey   
  Wastes generated are mostly 
from local businesses and 
households 
   
  Dumping on land, in 
drainages and communal bin 
are the preferred options. 
Other mode of disposal 
includes burial, burning and 
the use of old wells 
   
  Household respondents are 
unaware of any issue related 
to groundwater 
contamination 
 
Respondents are not 
affected by problems of 
groundwater contamination 
   
  Households were of the 
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opinion that both government 
and private investment in the 
water and sanitation sector is 
needed 
   
  Respondents are not willing 
to pay for any amount in 
exchange of improved 
services 
   
  Respondents are of the 
opinion that community 
participation is the best 
strategy for addressing the 
current problem 
   
  Statistical relationship exists 
between household income 
and willingness to pay for 
extra sanitation services by 
respondents 
   
  Statistical relationship exists 
between awareness about 
groundwater contamination 
and the education status of 
respondents. 
   
  There is statistical 
relationship between 
household level of education 
and respondents awareness 
on the implication of dumping 
of waste 
   
  Household respondents 
opted for increase in 
investment in water sector, 
introduction of strict laws, 
community participation and 
controlling of wastes as the 
viable ways of attaining 
sustainable system 
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Furthermore, groundwater contamination can be attributed to the above-ground 
anthropogenic activities especially pit latrines and open dump sites. The chapter 
concludes that sediments pore-spaces control the vertical movement of 
contaminants. However, the fractures and secondary pore spaces due to continued 
geological processes can be potential pathways for contaminant migration and 
movement in the sub-surface.  
 
Additionally, the potential sources of anthropogenic contamination in the case study 
area include the proliferation of pit latrines, incessant domestic and municipal waste 
disposal. The concentration of sodium, calcium, potassium, and magnesium 
indicates that they are occurred due to silicate weathering processes occurring within 
the hydrogeological environment. Typically, this process is dominant in a 
sedimentary environment with abundant clastic materials. The concentrations of the 
above named non-anthropogenic parameters are well within the WHO safe limit for 
consumption and their levels are consistent with the natural occurrence levels of the 
key elements that make up the aquifer material. Thus, they are correlated with the 
mineral content analysis result.  
 
Also, the concentrations of chloride, nitrate, phosphate, and sulphate are far below 
the limits set aside by WHO for safe consumption. In this respect, chloride recorded 
average concentration of 9 mg/l in the case study area, while nitrate recorded 17 
mg/l, sulphate recorded 2.77 mg/l, and phosphate recorded 1.01 mg/l. In this 
respect, the WHO safe limit for chloride is 250 mg/l, sulphate is 400 mg/l, phosphate 
is 300 mg/l, and nitrate is 50 mg/l.  
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Overall, the hydrogeological investigation of this study confirmed that the 
groundwater quality is presently good. This validated the opinions of the strategic 
stakeholders. In furtherance to this, the next chapter investigates the fate of chloride 
(as a contamination indicator parameter) in the hydrogeological environment and 
develops the alternative guidelines for mitigating contamination of aquifers. This is 
aimed at achieving the overall objectives of the study.  
 
This chapter presented and discussed the results from the social and 
hydrogeological dimensions; the next chapter (6) presents the aspects of chloride 
modelling and the development of the new guidelines applicable in the case study 
area.  
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CHAPTER 6 
MODELLING CHLORIDE CONTAMINATION AND NEW 
GUIDELINE DEVELOPMENT 
 
6. Introduction  
 
The previous chapter focused on the social and hydrogeological aspects of the 
study. This chapter is divided into two components; the first part presents the 
modelling of chloride contamination due to the impact of above pit latrines. The 
second part presents outlines the development of the new guidelines for mitigating 
the impact of pit latrine on the underlying aquifer in the study area. The rationale for 
carrying out the modelling is to predict the behaviour/occurrence of contaminants 
based on the source-pathway scenario and, to enable develops sustainable 
guidelines in the case study area. In this respect, the MODFLOW/ MT3DMS code 
was implemented to achieve the above mentioned modelling. Vital hydrogeological 
(primary and secondary) data were obtained from different sources for the modelling 
exercise.   Likewise, secondary data from the World Bank and UNICEF/WHO reports 
were used for comparison of (guidelines) global standards to those developed by the 
study. This provides a framework within which practical solutions of achieving 
sustainable groundwater management can be implemented; in line with the overall 
aim of the study.  
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6.1 Modelling chloride contamination due to pit latrine impact 
 
In order to investigate the impact of pit latrine on groundwater resources of the case 
study area, a modelling was conducted with processing MODFLOW/MT3DMS 
software to demonstrate the possibility for chloride contamination of the shallow 
aquifer due to the influence of above-ground onsite sanitation system.  
MODFLOW/MT3DMS was used because it includes an implicit iterative solver based 
on generalised conjugate gradient (GCG) that implicitly solves advection, dispersion, 
and sink source without any restrictions. The general purpose of the modelling in this 
study is to help address groundwater contamination problems, design valuable 
contamination mitigation strategies, and provide information for decision making. 
 
In achieving the objectives of the modelling, a reference borehole (BHM1) with the 
highest chloride concentration of 16 mg/l (see Table 5.16 in chapter 5) was selected 
to conceptualise the system (Figure 6.1). The justification for selecting chloride as an 
indicator parameter is provided in section 2.8.17. The study area is characterised by 
water table ranging between 10-15 m below the bottom of the pit latrine. Important 
hydrogeological parameters for the local case study area which are required by 
MODFLOW were collected from different sources (existing literature, the Borno State 
Water Agency, Nigeria Hydrological Services Agency, and primary data of this 
study). Other information such as pit latrine characteristics, number of latrine users 
and their frequency was obtained via a follow-up survey. 
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Figure 6.1 Conceptual model showing the impact of pit latrine on groundwater  
 
In carrying out the modelling, a representative model domain with 25 columns and 
50 rows was selected. The modelled aquifer dimensions are 800 m in length, 200 m 
wide and 25 m deep. It was confirmed through the survey that there was an average 
of 15 users per pit latrine. The water flux and soil moisture of the study area were 
documented as 0.002 and 0.3 m3/ m2/day respectively; hence the pore velocity is 
0.01 m/day. These values were obtained for the sediments of the study area by 
gravimetric methods (NIHSA, 2013). 
 
The retardation coefficient for chloride was assumed to be 1.0, dispersion assumed 
to be 2.4 x 10-7 m2/s (Fetter, 1994). The hydraulic conductivity of 0.0002 m/s and 
0.0006 m/s was measured for units A and B respectively by previous studies (Goni 
et al., 1996 and Akujieze et al., 2003). The effective porosity of the aquifer is set in 
the MODFLOW model as 30 percent (the maximum equated effective pore space for 
clastic sediments). The study adopted an estimated recharge of 0.0001 m3/ m2/ day. 
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This was calculated for the study area; the value was estimated by means of using 
chloride mass balance method by Goni and Edmunds (2006).  
 
According to the British Geological Survey (BGS, 2002) each person excretes about 
4g of chloride per day (urine 90–95%, faeces 4–8%, and sweat 2%). Taking this into 
consideration, if we multiply this estimate by the total number of latrine users per pit 
(15 people per day) latrine and the total number of households (300) in the modelled 
site, we will have chloride concentration of about 18000 mg/l within the modelled 
domain. Lastly, a chloride half-life of 190,000 days (Bentley et al., 1986) was 
considered for this study.   
 
6.1.1 Modelling approach  
 
In providing quantitative assessment of the impact of pit latrine on the underlying 
aquifers of the case study area, an integrated modelling approach that combines the 
outputs from MODFLOW/MT3DMS, and Model muse was used. The standard 
advection-dispersion-reaction model (Harbaugh and McDonald, 1996; Butler et al., 
2003; Templeton et al., 2015) as outlined below was adopted:  
…………………….. (1) 
Where;  
C = the concentration of chloride in unsaturated geological material (g/m3) (which is 
equivalent to [mg/L]),  
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dL = the longitudinal dispersivity (m),  
v = the mean pore water velocity (m/day),  
R= the retardation coefficient (> 1 where sorption present),  
ʎ= the linear decay coefficient (1/day), which is related to the half-life by T½ = log 
(2)/ʎ (days). 
 
For unchanging conditions, with a chloride concentration at the bottom of the pit 
latrine of C0, then the concentration Cpw at a depth zw, the depth of the water table 
below the base of the pit, is given as: 
………………………………………………………………. (2) 
Where: 
………………………………….. (3) 
The solution was implemented in MODFLOW/MT3DMS. In this regard, water flow 
balance and chloride mass balance were modelled to estimate the dilution of the 
chloride in the aquifer of the area and the resultant total concentration in the aquifer 
(Cao) after different elapsed times 1825 days (1.577e+8) to 7300 days (6.307e+8) 
i.e. 5-20 years from present. 
 
Water flow balance: ………................ (4) 
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Chloride mass balance: … (5) 
…….…………………………… (6) 
 
Where: 
 Qai = inflow into the aquifer (m3/day),  
Qao = outflow of the aquifer (m3/day),  
Cpw = chloride concentration reaching the top of the water table (obtained from the 
advection-dispersion-reaction model, in g/m3),  
Cao = chloride concentration in the aquifer outflow 
Cai = chloride concentration in the aquifer inflow (assumed to be 0),  
Cr = chloride concentration from surface runoff (assumed to be 0),  
qp = water flux from the pit latrine (0.002 m/d),  
qr = groundwater recharge rate (m3/m2/day),  
Ap = total surface area of the pit latrines (m2),  
Ar = surface area of aquifer recharge (m2),  
W = width of the aquifer (m),  
H = height of the aquifer (m),  
K = hydraulic conductivity (m/d) and  
ii = hydraulic head gradient. 
 
The above mentioned are represented in Figure 6.2 below; 
202 
 
 
Figure 6.2 Schematic descriptions of the imputed model parameters in the study area 
A range of chloride concentration was observed based on the advection-dispersion-
reaction model. Chloride half-life of 190,000 days was used to capture the range of 
Cpw values entering the aquifer at the depth of 10 m (Figure 6.2). This value is the 
mean life time generally used to describe the exponential decay of chloride in 
geological environment. The result of the simulation for the different periods and their 
outcomes were summarised in Table 6.1. A range of chloride concentration was 
observed based on the advection-dispersion-reaction model (Figure 2). The result of 
the simulation for the different periods shows that chloride concentration will reach 
37 mg/l and 42 mg/l in the years 2021 and 2026 respectively. Also, within the 
modelled domain, a chloride concentration of 80mg/l will be attained in 2031. 
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Table 6.1 Summary of model simulation results and key outcomes 
Model parameters Values  Outcome (Cpw predicted) 
Scenario 1   
Stress period (days)  1.577e+8 Chloride concentration in the 
upper aquifer reaches about 
40 mg/l by the year 2021 
ii (m/day) 0.01 
qr (m
3/m2) 0.0001 
   
   
Scenario 2   
Stress period (days) 3.154e+8 Chloride concentration in the 
aquifer reaches 80 mg/l in 
the year 2026 
ii (m/day) 0.01 
qr (m
3/m2) 0.0001 
   
Scenario 3   
Stress period (days) 4.173e+8 Chloride concentration  in the 
upper aquifer ranges up to 
100 mg/l in 2031 
ii (m/day) 0.1 
qr (m
3/m2) 0.0001 
   
Scenario 4   
Stress period (days) 6.307e+8  Chloride concentration in the 
modelled aquifer reaches 
about 300 mg/l by 2046 
ii (m/day) 0.1 
qr (m
3/m2) 0.0001 
 
 Equally, a gradual increase in the concentration of chloride was observed during this 
period. Furthermore, the concentration of chloride within the upper aquifer will reach 
up to 100 mg/l in 2036. Lastly, the model show that chloride concentration in the 
upper aquifer will reach up to 300 mg/l by the end of 2066, thereby exceeding the 
maximum tolerable limits (250 mg/l) outlined by the WHO (2011). This trend is likely 
going to be aggravated by population growth in the study area.  
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Figure 6.3 range of chloride concentration over different periods  
 
Thus, based on the results presented above, the guidelines for protecting the 
groundwater system in the study area will be developed in the next chapter (chapter 
9). This will mitigate the impact of pit latrines on groundwater resources of the study 
area. Despite the significance of the result of this modelling, it is noteworthy that 
model results can never represent the natural system they represent. This is 
primarily attributed to the predictive improbability of the modelling. Notwithstanding, it 
is worthy to stress that the result of the prediction could be used to inform decision 
provided that appropriate monitoring is put in place so that predicted results can be 
checked. However, limitation exists as the predicted results are not checked in this 
study due to constraints in resources. Therefore, further studies can take advantage 
of this limitation.  
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6.2 Follow-up (household) survey data used for developing the new 
guidelines 
  
The results of the survey (Table 6.2) below show that there is significant variation in 
the depth of pit latrines among the various households surveyed. In this regard, 
majority of the households (23.9%) have their pit latrines reaching the depth of 6 
metres (Figure 6.4). Also, about 22.8% and 20.8% of the households surveyed have 
their pit latrine depths in the range of 5 and 4 metres respectively. Others pit latrine 
depths include 3 metres (12.7%), 2 metres (13.2%), and 1 metre (4.1%). 
 
Figure 6.4 Percentage distributions of different pit latrine depths in the case study 
area 
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Table 6.2 Summary of household survey data (n=196) 
Parameter Average  Maximum  Minimum  
Depth of pit latrine 
(metres)  
4.92±9.54 6 1 
Distance between pit 
latrine & water point 
(metres) 
7.77±12.34 167 1 
Distance between 
dumpsite and water 
point (metres) 
73.8±77.6 800 10 
 
Likewise, the distance between the pit latrines and the household‘s water supply 
points varied significantly as summarised in Table 6.2 above. In this respect, majority 
of the households (13.7%) fall within the range of 9 metres as the distance between 
their pit latrines and water supply points. Also, about 10.7% and 10.2% of the 
households have 2 and 8 metres as the maximum distance between their onsite 
sanitation system and water points. Others are 7 metres (9.6%), 3 metres (6.6%), 
and lastly the maximum distance recorded was 167 metres (0.5%). 
 
Furthermore, the distance between the households and the dumpsites were also 
determined. In this regard, varying distances were observed as summarised in Table 
6.2 above. The result show that majority of the households (12.2%) are within 50 
metres distance. Two households have the distance of about 800 and 500 metres 
respectively. Also, about 1% and 2% of the households are within 300 and 200 
metres limits respectively. Those within the moderate distance category include 55 
metres (5.1%), 60 metres (8.1%), 65 metres (2.1%), 70 metres (4.6%), 80 metres 
(3.0%), and 90 metres (4.1%). The households within the short distance category 
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include 10 metres (0.5%), 15 metres (2.0%), 20 metres (3.0%), 25 metres (3.6%), 30 
metres (7.1%), 35 metres (4.1%), 40 metres (6.6%), and 45 metres (8.6%). 
 
Lastly, the survey result on the number of persons using the pit latrines daily 
indicates that pit latrine with  1-10 persons per day constitutes about 35%, those in 
the category of 11-20 persons per day make up about 55%, and those with more 
than 20 persons per day constitutes the remaining 10%. The average number of 
persons (users) per pit latrine per day is 15 people. 
 
6.3 Establishing Sustainable Guidelines for Unconsolidated Sediment 
Hydrogeological Environment 
 
In developing the guidelines for mitigating the impact of pit latrines on groundwater, 
this section integrates the outcomes of the stakeholder engagement chapter (chapter 
5), the modelling of chloride contamination presented in this chapter (see section 
6.1), and the follow up survey results presented in Table 6.2. The results of the 
modelling shows that at the depth of 10 metres, the potentials for chloride 
contamination of the upper aquifer is evident. Accordingly, in the next 30 years, 
chloride concentration in this aquifer will reach 300 mg/l.  Thus, this information is 
vital for the establishment of the guidelines for mitigating the impact of pit latrine on 
groundwater in the study area. This type of sedimentary environment is the most 
dominant and widespread hydrogeological environment in most parts of the Sudano-
sahel belt of West Africa. The guidelines can be used by the various stakeholder 
groups in the region to protect the integrity of the underlying aquifers. 
208 
 
Table 6.3 Summary of key outcomes of foregoing chapters used in developing the 
new guidelines 
Chapter  Key outcomes/ findings  Justification for using the 
outcomes in this section 
Chapter 5  Identifies different 
stakeholder groups  
The identified stakeholder 
groups will be assigned key 
roles in the management, 
maintenance and 
construction of onsite 
sanitation systems (Table 
6.6). 
  Engages the different 
stakeholders  groups 
in groundwater 
management 
decision making 
  Outlines the different 
views and opinions of 
the stakeholders 
engaged 
   
This chapter (section 6.1)  Chloride modelling 
shows potentials for 
groundwater 
contamination of the  
shallow aquifer in 
different time scales 
This information will be 
useful in developing the new 
guidelines; this is crucial for 
determining the overall 
desired mitigation framework 
  Chloride 
concentration will 
reach 300 mg/l in the 
next three decades 
   
This chapter (section 6.2)  Reveals the different 
households pit latrine 
depths 
This outcome is useful for 
benchmarking the tolerable 
pit latrine depths in avoiding 
potential contamination 
effects (Table 6.4). 
  
  Estimates average 
number of pit latrine 
users per day 
 
Furthermore, secondary data were obtained from published papers and other grey 
literatures for the purpose of comparing the new guidelines to globally accepted 
standards. Also, the justification for the development of these guidelines by the study 
was necessitated by the inadequacy of existing frameworks to mitigate the impact of 
pit latrines on the groundwater system in the sub-region. Thus, this chapter identifies 
a window of opportunity where sustainable guidelines aimed at protecting the 
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underlying aquifers can be developed and implemented locally, and across the sub-
region.  
 
Additionally, these guidelines can complement those developed by the World Bank 
and the UNDP; as mitigation framework for open dumpsites are not provided 
currently. Therefore, adherence to the activities described in this study (Tables 6.4, 
6.5, 6.6, and 6.7) will assist in achieving the overall aim of the study. The figure 
below (Figure 6.5) explains the steps taken to develop the guidelines and the 
activities involved in the different phases of the guideline development. Detailed 
information on the development of the guidelines is outlined in the methodology 
chapter (see sub-section 4.4).  
 
Figure 6.5 Steps for developing the guidelines for mitigating the impact of on-site 
sanitation systems in groundwater 
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6.3.1 Mitigation Framework for Unconsolidated Sediment Hydrogeological 
Environment  
 
As previously evaluated in chapter 5, unconsolidated sediments consisting of gravel, 
coarse sand, siltstone and clay (2mm to <2µm) dominate the hydrogeological 
environment of the study area. Also, the modelling output indicates that chloride 
concentration of about 300 mg/l will be recorded in the next three decades in the 
study area. Thus, this chapter outlines different phases for the construction of pit 
latrines in the unconsolidated sediments of the study area. The first phase is 
regarded as the investigation phase, the second, and the third phase is considered 
operation and maintenance phases respectively.  
 
Taking the abovementioned into consideration, when citing a pit latrine in 
unconsolidated sedimentary environment, firstly, it is important to carry out 
systematic lithological/ sediment sampling at varying interval (vertical and horizontal) 
to ascertain the type and distribution of the sedimentary materials. This will allow the 
conceptualisation of the hydrogeological environment and the prediction of the 
resultant processes occurring in the subsurface.  
 
The second phase is the design and construction phase. This is the most important 
stage at which sustainable design parameters for the construction of pit latrines and 
open dumpsites are selected. Taking the surveyed households pit latrines shows 
that most of the households have deep pit latrines (up to 6 metres). Thus, taking the 
output of the modelling as a decision support tool, the study recommends that the 
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depth of the pit should not exceed 3 meters. This is because the modelling indicates 
the potentials of chloride contamination of the local aquifer at the depth of 10 metres. 
Also, the vertical distance between the pit and water table should be at least 10 
meters in gravels and sandstones, 5-6 meters in siltstones and clays, and the lateral 
distance between the pit and borehole (water well) should correspond to 10-15 
meters for gravels and sandstones (up-gradient) and 25-30 meters (down gradient) 
(Table 6.4). Comparison of the design parameters of this study were carried with 
other studies (similar sites) and internationally standards (Table 6.5). The design 
parameters for open dumpsites are; depth of dumpsite pit 0.5-1 meter, vertical 
distance between bottom of dumpsite and water table should be at least 5 meters for 
all unconsolidated materials, and lateral distance to water source should be at the 
minimum of 10 and 15 meters for up-down gradients respectively (Figure 6.6).  
 
Figure 6.6 Conceptual models for mitigating anthropogenic impact in unconsolidated 
sediments 
 
Likewise, for unconsolidated materials with high porosity and permeability (coarse 
sandstone), both pit latrines and dumpsites should be properly lined. In each case, 
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there is a need to create enough space for the emptying of the contents of the pit 
latrines and dumpsites when they are full to their capacities.  
 
The third phase is the operation and maintenance phase; this is a very vital stage for 
ensuring the sustainability of the on-site sanitation systems. Efficient use of pit 
latrines and dumpsites are recommended. When the contents of the pit latrine is full, 
it is recommended that the sludge should be collected and mixed with other organic 
wastes (composting) for beneficial use by local farmers. This will discourage the use 
of chemical fertilisers, and it will provide job opportunities.  Also, it is vital to develop 
simple communal rules that will ensure the sustainable operation and maintenance 
of these systems. The relevant stakeholders identified in chapter 4 (see section 
4.2.1) can be engaged to carry out the functions summarised in Table 6.4. 
Table 6.4 Best management guidelines for unconsolidated sediments 
Phases Best management practices 
Phase I (Exploration stage)  Carry out systematic lithological 
sampling & investigation 
 Carry out geophysical/geotechnical 
investigation to determine the depth 
to the water table & groundwater flow 
direction 
 Ensure local stakeholder participation 
in investigations 
  
Phase II (Design and construction)  Total depth of the pit should not 
exceed 3 meters 
 The vertical distance between the pit 
and water table should be at least 10 
meters in gravels and sandstones  
 Vertical distance between pit and 
water table should be between 5-6 
meters in siltstones and clays  
 The lateral distance between the pit 
and borehole (water well) should 
correspond to 10-15 meters for 
gravels and sandstones (up-gradient) 
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and 25-30 meters (down-gradient)  
 For dumpsites, depth of the pit should 
vary between 0.5-1 meter depending 
on local condition  
 Vertical distance between the bottom 
of dumpsite and water table should 
be at least 5 meters for all 
unconsolidated materials 
 Lateral distance to water source 
should be at the minimum of 10 and 
15 meters for up-down gradients 
respectively. 
 Consideration of adequate spacing 
for emptying purposes 
 Accommodate stakeholder inputs and 
suggestions in design   
  
Phase III (Operation and maintenance)  Efficient use of pit latrines and 
dumpsites in a sustainable way  
 Educate & engage local stakeholders 
in operation and maintenance  
 Develop local communal rules to 
guide operation & maintenance 
activities 
 Carry out periodic water quality 
monitoring excercise 
 Routine addition (at least monthly) of 
other organic wastes to enhance 
decomposition of faecal matter 
 Sealing of pit covers to enhance 
denitrification.  
 When the contents of the pit latrine is 
full, it is recommended that the 
sludge is collected and mixed with 
other organic wastes (composting) for 
beneficial use by local farmers. 
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Table 6.5 Comparison of the design parameters developed by this study to established standards 
Guidelines 
(study) 
Pit bottom 
distance to 
water table 
Lateral distance 
to water point  
Depth of pit 
(latrines) 
Width of pit 
(latrines)  
Dumpsite 
bottom 
distance to 
water table 
Depth of pit 
(dumpsites) 
Width of pit 
(dumpsites)  
UNDP/ World Bank 
(2010) 
2 metres 25-30 metres 2 metres 1.5 metres N/A N/A N/A 
UNICEF (2009) 3 metres 30-50 metres  Approx.  1.50 
metres 
1.50 metres N/A N/A N/A 
USAID (2010) 2 metres 20 metres 2.1 metres 1.50 metres N/A N/A N/A 
Cavana (2011) 2 metres 30 metres  2 metres 1-1.2 metres  N/A N/A N/A 
WASH-LIBERIA 
(2009) 
 
2-3 metres 25-30 metres 2 metres 1 metre N/A N/A N/A 
This study  5-6 metres 25-30 metres  3 metres 1-1.50 metres 5 metres 1-2 metres 1 metre 
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6.4 Guidelines for the Maintenance and Operation of Existing On-site 
Sanitation Systems 
 
Formal guideline on the operation and maintenance of existing on-site sanitation 
systems (pit latrines and dumpsites) in the case study area is non-existent. This 
situation if not addressed will continue to put enormous pressure on the shallow 
groundwater system. In order to develop practical guidelines that will be 
implemented by the various stakeholders groups engaged (chapter 5). Below, the 
operation and maintenance guidelines are outlined:  
 
6.4.1 Operation and Maintenance Guidelines for Existing Pit latrines 
 
The utilisation and safe disposal of the contents of pit latrines will stop the spread of 
transmissible diseases. Local authorities and communities need to consider the 
following guidelines in ensuring effective use and disposal of human wastes which in 
turn brings about enormous healthiness of the communities. Also, the control and 
management of these human wastes is saddled on the local stakeholders whom will 
be involved in the preventive and maintenance activities for pit latrine waste 
disposal.  
 
The creation of awareness among the primary stakeholders, and their direct 
involvement in addressing sanitation problems can individually aid behavioural 
change in communities, and will improve the operation and maintenance of pit 
latrines and other on-site sanitation systems. The group of youths and women 
engaged in chapter 6 will have a key role to play here.  
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Major operation activities for pit latrines consist of frequently cleaning the floor of the 
latrine with water (and antiseptic) to remove any spilled urine or excreta. This 
practice can be carried out at the household levels. The local residents have key 
roles to play in ensuring the sustainability of the system. Table 6.6 summarises the 
major operation and maintenance guidelines for existing (already developed) pit 
latrines, the category of stakeholders involved and their roles, and the required 
expertise. 
Table 6.6 Proposed guidelines for mitigating impact of existing pit latrines and the 
stakeholders involved   
Stakeholders  Roles  Operation & 
maintenance 
activity  
Requisite 
expertise  
Residents, youth and 
women groups 
Pit latrine users Close the pit cover 
 
keeping the latrine 
clean  
 
Inspecting and 
carrying out 
inventory of existing 
latrines  
    √ 
 
    √ 
 
 
 
    √ 
 
Local authorities, 
officials of the ministries 
of environment and 
health, community 
leaders, representatives 
of water user, youth and 
women groups, CSOs, 
NGOs 
Inspection of 
environmental & 
sanitary conditions 
Routine monitoring 
sanitary conditions 
of latrines  
 
Inspection and 
assessment of local 
water supply 
sources 
 
Educating  
residents on 
hygienic behaviour 
 
    √ 
 
 
 
    √ 
    
 
 
 
    √ 
 
State and local 
authorities, residents, 
CSOs, NGOs, 
professional 
organisations and 
Design, building 
and repair works of 
latrines 
Provision of 
sustainable designs 
for upgrading 
existing latrines 
 
    † 
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research institutions Routine repair and 
maintenance of 
existing latrines 
 
Awareness creation 
on adoption of new 
designs 
 
 
    † 
 
 
 
    √ 
 
State and local 
authorities, local 
businesses, residents, 
youth groups, officials of 
the ministries of water, 
environment and health 
Facilitate small-
scale enterprises 
participation in 
latrine emptying 
activities 
 
 
Effective emptying 
of pit latrines  
 
 
 
 
 
Latrine contents 
and sludge 
management 
Investment, 
provision of loans, 
and enabling 
business 
environment for 
local businesses 
 
Provide training on 
effective emptying 
technologies  
 
Subsidising costs of 
emptying operations 
 
Providing 
employment 
opportunities for 
youths in latrine 
emptying 
technologies and 
sludge 
management 
 
 
    £ 
 
 
 
 
 
 
    † 
 
 
 
    £ 
 
 
    £ √ 
 
 
State and local 
authorities, farmers & 
youth groups, NGOs, 
CSOs, and Community 
leaders 
Adoption and 
implementation of 
policies that 
discourages the use 
of chemical 
fertilisers 
 
Adoption and 
implementation of 
policies that 
enables the use of 
composted or 
organic fertilisers 
Providing incentives 
to farmers that use 
organic fertilisers  
 
 
 
 
Establish small 
scale composting 
plants in 
communities and 
compost  pit 
contents for use by 
local farmers  
    £ √ 
 
 
 
 
 
 
 
    † £ 
 
 
√ Simple (training activities, capacity building, gender sensitive awareness-creation); 
† technical skills; £ financial capability  
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6.4.2 Operation and maintenance guidelines for existing open dumpsites   
  
Similarly, open dumpsites are also important sources of anthropogenic 
contamination in the case study area. They are generally found across the study 
area near residential areas and local markets. The poor state of waste management 
in these dumpsites is largely attributed to the rapid population growth and 
uncontrolled-urbanisation, low-level of financial investments and weak enforcement 
of environmental regulations by the state and local authorities. Thus, the impact of 
existing open dumpsites if unabated will further exert pressure on the shallow 
groundwater resources. Table 6.7 summarises the proposed guidelines for mitigating 
the impacts of existing open dumpsites.  
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Table 6.7 Proposed guidelines for mitigating impacts of existing dump sites and the 
stakeholders involved   
Stakeholders  Roles  Operation & 
maintenance 
activity  
Requisite expertise  
State and local 
authorities, 
community leaders, 
residents, water user 
groups, NGOs, 
CSOs 
Environmental 
community 
association 
 
 
 
Provision of stringent 
Legislation and their 
enforcement 
 
 
 
Sensitisation of 
communities on the 
implications of 
incessant waste 
disposal 
Provision and 
enforcement of 
common rules on 
incessant waste 
disposal 
 
Review and 
implement laws on 
environmental 
protection 
 
 
Gender-sensitive 
awareness and 
education campaign  
on environmental 
protection 
    √ 
 
 
 
 
 
    √ 
 
 
 
 
 
    √ 
Residents, NGOs, 
CSOs, and all water 
user groups 
Beneficiaries and 
dump site users 
Adoption of effective 
waste management 
& disposal in 
dumpsites 
 
Mobilisation and 
coordination of 
environmental 
vigilance activities  
    √ 
State and local 
authorities, 
government 
agencies, water user 
groups, CSOs and 
NGOs 
Inspection of 
environmental & 
sanitary conditions 
Routine monitoring 
of dumpsites  
 
Inspection and 
assessment of 
dumpsites sanitary 
conditions 
 
Educating  residents 
on effective waste 
management 
strategies 
 
 
    √ 
 
 
    √ † 
 
 
 
 
    √ 
 
State and local 
authorities  
Provision of 
incentives and 
welfares  
Development of 
suitable local 
household waste 
incentive scheme 
(food-for-waste, 
waste-for-money 
programmes etc.) 
    £ 
 
√ Simple (training activities, capacity building, gender sensitive awareness-creation); † technical skills; £ financial 
capability 
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6.5 Discussions  
 
This section presents the discussions on the aspects of chloride contamination 
modelling due to the impact of pit latrine and the socio-technical aspects of the new 
guidelines developed herein. 
 
6.5.1 Chloride modelling    
 
The ever increasing uses of both pit latrines and groundwater resources in Maiduguri 
causes concerns that pit latrines may ultimately cause human and ecological health 
impacts associated with microbiological and chemical contamination of groundwater. 
Safe human excreta disposal is a vital component of environmental sanitation. In 
both developing and developed countries of the world, proper excreta disposal is 
amongst the most persistent public health problems.  Concern about groundwater 
contamination due to the impact of on-site sanitation system relates principally to 
unconfined and, to some extent semi-confined aquifers. On-site sanitation systems 
can have an adverse effect on underlying aquifers, because faecal matter 
accumulates in-situ and leaching of contaminants into the geosystem may possibly 
occur. 
  
In the study area, pit latrines are the most common forms of onsite sanitation 
facilities. In most cases they are regarded as the suitable means of disposing human 
wastes, however, the excessive use and proliferation of onsite sanitation system 
greatly raises concern about contamination of groundwater. A lot of this problem 
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arises in rural areas, and in densely populated peri-urban areas where local, 
shallower, and often untreated, groundwater sources are used. In such conditions, 
microbial contamination is possibly as a result of poor well design and/or 
construction. In recent years, this situation has caused increased nitrate and chloride 
concentrations in the underlying aquifers of Dhaka, Greater Buenos Aires, Lagos, 
and Nairobi (World Bank, 2002). Therefore, the use of onsite systems is not 
recommended unless the water table is extremely low and sediment conditions are 
not likely to contribute to susceptibility of groundwater pollution.  
 
Noteworthy, the analyses presented in this chapter depicts chloride as an important 
indicator parameter of faecal contamination rather than toxic contaminant with 
greatest health effects on humans. Chloride concentration in groundwater is 
commonly investigated due to its high concentrations in human excreta and its 
relative mobility in the geosystem. It is characteristically transported in the 
subsurface with minimal retention during groundwater flow, and chloride 
concentrations are tracked with nitrate levels (Banks et al., 2002; Ahmed et al., 
2002). 
 
Similarly, nitrate and ammonia are among the most important parameters used in 
determining groundwater contamination due to the influence of pit latrine. They are 
widely investigated due to their health risks (WHO 2006). Both nitrate and ammonia 
are derived directly or indirectly from latrine wastes, organic wastes, fertilizers and 
farm animal operations. Their concentrations in shallow aquifers in sub-Saharan 
Africa are reported by some authors (Ndambuki et al., 2012; Graham et al., 2013; 
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and Templeton et al., 2015). Different technologies for reducing the impact of nitrate 
and ammonia exist.  
 
Technologies such as permeable reactive barrier, phytoremediation, ion exchange 
processes will help to reduce the concentration of these contaminants to tolerably 
safe limits. However, these engineered solutions alone cannot address the situation. 
They need to be integrated with non-engineering solutions; such as preventative 
measures of best management practices in a holistic fashion.  It is worth mentioning 
that these technologies are often expensive in nature and are difficult to implement, 
especially at the household and community levels in resources scarce countries. 
Hence, the need to develop a local strategy contained herein the study.  
 
Equally, the advances in technology and their practical application may greatly 
reduce the microbial and chemical threats to underlying aquifers. However, despite 
the advances, it is still unclear whether these options are economically viable and 
culturally acceptable to people in low-income countries (Dzwairo et al., 2006). Due to 
this reason, the study proffers a pragmatic (socio-technical) methodology that is 
simple and straight forward to implement at the different levels of pit latrines design, 
construction, and management in the study area. This methodology will mitigate the 
impact of onsite sanitation systems on groundwater in sub-Saharan Africa.  
 
As the contaminants are released from their sources, the unsaturated zone above 
the aquifer acts as buffer that reduces pollution effects of aquifers. The local geology 
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of the study area has demonstrated the ability to remove faecal microorganism and 
chemical compounds by retarding their movement towards the saturated zone. Thus, 
rock types and the degree of consolidation of sediments are key factors to consider 
in assessing the vulnerability of an aquifer to pollution in a particular area. 
Furthermore, within the saturated zone, dispersion and dilution play an important role 
in reducing the concentration of the contaminants dissolved in the groundwater. 
 
The thick Chad Formation (alluvium cover) acts like a natural filter; it has the 
potentials to impede the movement of the invading contaminants. The physical and 
chemical characteristics of the sand and silt-stones aid ion exchange processes 
within the local geological environment. In this respect, the alkali metals derived from 
the primary minerals react with the various anions and cations derived from the 
above ground anthropogenic sources. Equally, in this type of geological 
environment, most inorganic contaminants are adsorbed to the surfaces of the larger 
sediment particles while the organic contaminants are adsorbed to the surfaces of 
the secondary mineral particles.  
 
Therefore, in view of the local geology of the study area, the development and 
application of an integrated approach; that combines both technical (review of design 
and construction parameters) and social dimensions (stakeholder inclusions and 
defining their stakes) will address the situation. Others are systematic lithological and 
hydrogeological mapping in determining the depth to the water table, investigating 
the geological material characteristics prior to installing on-site systems.  
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Furthermore, given the siting standards for latrine construction, it is important to re-
evaluate the vertical and lateral separation between the groundwater supply source 
and the pit latrines. This is because different hydrogeological environments require 
different strategies in addressing local problems. A limited number of field studies 
(World Bank, 2002; Graham et al., 2013) have shown that a lateral and vertical 
separation distance of about 10 and 2-4 metres respectively between the source and 
the receptor is sufficient enough to reduce the concentrations of faecal indicator 
contaminants to the minimum levels. 
 
Therefore, balancing the risks of onsite sanitation systems and their potentials for 
impacting groundwater resources negatively is fundamental in the study area. 
Therefore, more efforts are needed to develop sustainable and more robust 
approaches to siting pit latrines. Sustainable guidelines should be developed and 
tested empirically to ensure protection of groundwater quality after their 
implementation under local conditions.  
 
Chloride concentration is one of the best ways of measuring the effectiveness of the 
existing operational frameworks for pit latrines design, management, and operation. 
The assessment of chloride concentration in groundwater due to the impact of pit 
latrine is best carried out by predicting their future concentrations. This can be 
carried out with different modelling techniques. The MODFLOW codes developed by 
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the United States Geological Survey (USGS) is one of the best modelling tools that 
performs this function (USGS, 2000), . 
 
The modelling carried out in this study shows that the depth of the upper aquifer of 
the study area ranged between 15 and 25 metres. This implies that the local aquifer 
is not likely to be impacted negatively by the existing onsite systems in the study 
area. Theoretically, the chances of contamination increases significantly in 
geological settings where the water table is shallow (1m-10m). The output of the 
modelling indicates that the hydraulic heads and recharge rates are having 
significant influence on the amount of predicted chloride concentrations in the 
boreholes of the study area.  
 
The result of groundwater modelling can be used by the local water managers and 
other relevant stakeholders who need to make informed decision on groundwater 
management (Rushton and Skinner, 2012). In the study area, the interplay between 
the density of pit latrines and booming population will further increase chloride 
concentration in the groundwater.  
 
Despite the low adverse health effects by chloride, when they react with sodium 
found in the natural environment, they will form salts. Groundwater with 
concentrations of chloride in excess of 230 mg/l that discharges to surface water 
may cause toxic effects to aquatic life (USEPA, 2002). However, too much intake of 
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sodium chloride salt is a major known risk factor for hypertension or high blood 
pressure (USGS, 2000). 
 
In addressing this problem, there are a wide range of mitigation frameworks that can 
be adopted in the short-medium-and long terms that will provide solutions to the 
perceived risks posed by pit latrines on the underlying aquifers. Mitigation 
frameworks such as keeping the pit well above the water table, well head protection, 
standard design and construction parameters were suggested by various authors 
(Almasri, 2007; Tredoux et al., 2000; Templeton et al., 2015).  
 
In view of the above, site-specific analyses of safe sanitation options suitable for 
developing countries have been outlined by the British Geological Survey (BGS) 
(Lawrence et al. 2001). The BGS guidelines provide a set of rules for determining the 
optimum horizontal separation between sanitation facilities and drinking-water 
sources for a variety of geological environments. These guidelines have been tested 
in Bangladesh (Ahmed et al. 2002), Uganda (Howard et al. 2003), and Argentina 
(Blarasin et al. 2002) and have been advocated as sensible practice for aquifers 
limited measured data. 
 
The possibilities for extensive groundwater contamination from the influence of 
onsite sanitation systems can be controlled by factors such as design and 
construction technology, operation and maintenance, and other social factors such 
as sustainable use. Also, pit latrine depth, presence of liners, and the quality of 
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construction can greatly influence contaminant leaching and containment (Graham et 
al., 2013).  
 
Lastly, the problems of the existing on-site sanitation systems can be addressed by 
involving all the relevant stakeholders in addressing the situation. This can be 
achieved by providing simple training activities, capacity building, and gender 
sensitive awareness-creation for the primary stakeholders (local residents). While 
the state and local authorities and other strategic stakeholders‘ needs to focus on the 
aspects of technical and financial capacities. Also, the local council and the relevant 
state agencies needs to carry out a comprehensive inventory of the households with 
pit latrine depth ranging between 6-10 metres (Table 6.2). This will help in the 
comprehensive assessment of the likely treats to groundwater. Short term solutions 
of emptying the contents of the existing pit latrines in the households affected and 
the provision of subsidy to them by the government in constructing improved pits will 
be vital. 
 
6.5.2 Follow-up survey and new guidelines development  
 
Considering the results obtained from the household survey, an average pit latrine 
depth of 4.92 metres and maximum depth of 6 metres were obtained across the 
various households. This suggests that most households have overlooked the 
implications of greater pit latrine depths on groundwater quality. Most likely the 
households believe that the greater the depth, the longer the time it takes to fill. Also, 
an average distance of 7.77 metres was recorded between pit latrines and water 
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points. This result is at variance with the recommended World Bank/UNDP/UNICEF 
guidelines between pit latrines and water points. The shorter distances between 
dumpsites and water points across the various households obtained in the case 
study area may be ascribed to the poor sanitary practices of the local communities.  
 
Thus, there is the need for adequate and proper awareness campaign programme in 
the area. Also, it is worthy to note that short lateral distance between onsite 
sanitation systems and water points in many parts of sub-Saharan Africa and the 
poor sanitary practices such as open defecation by individuals as well as the 
dumping of wastes near water supply points may lead to contamination and its 
associated water- borne diseases.  
 
Although, the guidelines developed by the World Bank, UNDP, and UNICEF are 
aimed at mitigating the impact of onsite systems on groundwater.  Such criteria may 
not be suitable for all localities due to the differences in natural geological conditions 
and this may not guarantee total groundwater protection. Therefore, the guidelines 
developed by this study can be suitable for the case study area and other similar 
sites across the region. Likewise, they can be integrated with the existing guidelines 
in ensuring sustainable groundwater protection. 
 
In view of the above, the guidelines proposed in this chapter are an important step 
towards ensuring the sustainable management of groundwater resources in sub-
Saharan Africa region. This is because unconsolidated sediments (sandstones, 
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siltstones, and clays) serves as an important hydrogeological environment; that 
directly supply water for about 70-100 million people mostly rural dwellers in sub-
Saharan Africa.  
  
The possibilities for extensive groundwater contamination from the above ground 
anthropogenic activities (pit latrines and open dumpsites) can be controlled by 
factors such design and construction technology, operation and maintenance, and 
other social factors such as sustainable use. Also, pit latrine depth, presence of 
liners, and the quality of construction can greatly influence contaminant leaching and 
containment. This view was also expressed by Graham et al. (2013) in his 
assessment of pit latrine design criteria.  
 
Lastly, the problems of the existing on-site sanitation systems can be addressed by 
involving all the relevant stakeholders in addressing the situation. This can be 
achieved by providing simple training activities, capacity building, and gender 
sensitive awareness-creation for the primary stakeholders. While the state and local 
authorities and other strategic stakeholders should focus on the aspects of technical 
and financial capacities. Also, the local council and the relevant state agencies need 
to carry out a comprehensive inventory of the households with pit latrine depth 
ranging between 4-6 metres. This will help in the comprehensive assessment of the 
likely threats to groundwater. Short-term solutions of emptying the contents of the 
deep pit latrines in the households affected and the provision of subsidy to them by 
the government in constructing shallow pits will be vital. 
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6.6 Summary and conclusion 
 
The first part of the chapter modelled the concentration of chloride in the 
groundwater across different time scales.  Making the best case assumptions, the 
modelled aquifer as analysed in this chapter is currently safe for consumption and 
other domestic use. However, the tolerable limits of chloride concentration (250mg/l) 
are likely to be exceeded in the next three decades (30 years). This can be greatly 
influenced by demographic factors in the study area. 
 
However, recommendations for mitigating groundwater impacts can be both 
qualitative and quantitative. Many countries across sub-Saharan Africa are already 
having developmental challenges attributed to poor infrastructure. Therefore, an 
alternative guideline for the mitigation of the impact of onsite sanitation system is 
important in the study area.  
 
The second part of the chapter reveals that both vertical depth and horizontal 
spacing play significant role in mitigating the impact of onsite sanitation systems on 
groundwater aquifers. It discloses that shorter vertical depths and longer lateral 
separation between the onsite sanitation systems and water table as well as supply 
points will significantly reduce the risk of chloride contamination of underlying water 
resources. 
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The dependence on groundwater as a primary water supply source is increasing in 
sub-Saharan Africa region. Equally, the provision of unsustainable sanitation 
facilities threatens the available groundwater resources. Accordingly, there is the 
need to understand how pit latrines and open dumpsites affect available 
groundwater in the various hydrogeological environments and develop guidelines for 
their protection. Therefore, careful siting of pit latrines and the adoption appropriate 
local technology and the management of existing onsite sanitation systems will go a 
long way in addressing the situation. 
 
Also, the second part of this chapter has developed a realistic and sustainable 
guideline that will mitigate the impact of pit latrines on the groundwater of the study 
area. In general, unconsolidated sedimentary environments (sandstone, siltstone, 
and clay) have the highest attenuation capacities of contaminants. However, it is 
worthy to note that there are multitudes of guidelines and design criteria developed 
by World Bank joint programmes across the globe, but gap exists in developing 
suitable guidelines for mitigating the impact of dumpsites as offered by this study.  
 
Lastly, this chapter has investigated the concentration of chloride in the groundwater 
of the study area in assessing the impacts of pit latrine, the chapter stresses that the 
involvement of the local stakeholders in the design, operation, and maintenance of 
the onsite sanitation systems will ensure sustainability and the achievement of 
sustainable groundwater management. It concludes that the implementation of the 
appropriate guidelines for the management of existing on-site sanitation systems will 
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protect the integrity of the underlying aquifer. The next chapter presents the 
conclusions, policy and future studies recommendations respectively. 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK 
 
7. Introduction  
 
In this concluding chapter, it is imperative to review and discuss the overall research 
undertakings reported in the thesis; in order to ascertain whether or not the research 
objectives and questions guiding the study have been addressed adequately. 
Therefore, the objective of this chapter is to present the conclusion on all the key 
findings of the study and provide recommendation for future work.  
 
7.1 Conclusions 
 
This PhD research was set out to develop a sustainable groundwater management 
strategy to de implemented in the Nigerian sector of the Chad Basin. This study has 
found out that stakeholder exclusion in the management of groundwater is a key 
feature of the current system. The study has identified and engaged the various 
stakeholder groups (including women groups). As a practical consequence, the 
study carried out a local capacity building and enhancement workshops for the 
primary water users with low capacities. This has built local institution for 
groundwater management in the study area and enhanced communication between 
the different stakeholder groups. The stakeholder participation has generated real 
benefits, fostered cooperation in developing the alternative guidelines. Hence, there 
is the need for greater participation by all the stakeholders.  
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Consequently, the study used realistic evaluation to show that the current 
approaches to groundwater management in the case study area are not making the 
desired impact. Based on the observations from the engagement of the strategic 
stakeholders (government officials) it was observed that there is the need for 
developing alternative guidelines that is suitable for the case study area. As a result, 
the study developed new guidelines and offered some policy recommendations (see 
sub-section 7.2) that will bring the desired change.  
 
Also, another major important aspect of the study is that it has built new knowledge 
on the status quo and has established a synergy between science and society in the 
case study area. This synergy can be replicated across the various sedimentary 
basins (Sokoto, Bida, Benue and Gongola) of Nigeria. Furthermore, the socio-
hydrogeological approach outlined in this study can bridge the gap between the local 
stakeholders (water users) and groundwater scientists (hydrogeologists). This can 
stimulate the perception of the citizenry towards the importance of hydrogeology to 
the society.  
 
The major groundwater contamination problems are mainly attributed to the impact 
of pit latrines, open dump sites, and other non-point sources across the case study 
area. This study has identified and ranked the potential sources of groundwater 
contamination in the case study area in mitigating their impact on the underlying 
aquifer. 
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Geologically, the study has provided base line data on the petrographic, 
Granulometric, and mineralogical characteristics of the Quaternary sediments of the 
Nigerian sector (SW) of the Chad Basin. The study has identified and classified the 
primary, secondary, and accessory minerals that made up the Chad Formation, it 
has determined the grain sizes of the various aquifer materials as well as their 
chemical compositions.  
 
The groundwater quality results suggest that the water quality is presently good for 
consumption and other domestic uses. The petrographic analyses suggests that the 
upper horizon of the sedimentary units of the case study area is dominated by fine 
grained materials which likely provided better physico-chemical barriers; due to their 
higher sorption capacity and relatively lower permeability than the coarse sands 
occurring at the base. In the case study area, it is likely that the above factors helped 
in minimising the amount of contaminants concentration in the groundwater. 
 
This study modelled chloride concentration to provide better understanding on how 
they affect the quality of groundwater. The model is first of its kind in the study area 
and can be used as a decision support tool to solve existing and emerging 
groundwater management problems. The outputs of the model will be useful to the 
local stakeholders; especially the state policy makers and other relevant 
stakeholders in making informed management decisions.  
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Methodologically, the study has integrated the scientific (hydrogeological) and the 
social-strands in developing an alternative guidelines for the management of 
groundwater resources. This has strengthened the synergy between the two 
methodological dimensions. Therefore, by combining the two methodologies, 
groundwater scientists can manage the hydrogeological and social boundaries in 
ways that will simultaneously enhance the creditability and the legitimacy of their 
investigations. This can expand the new concept of people and water (socio-
hydrogeology) in the case study area; this has great significance because this study 
has produced a base line data for achieving sustainable development in the region. 
Overall, the study has incorporated social dimensions into Hydrochemical 
investigations in addressing societal problems and in achieving sustainable 
management of vulnerable aquifers into the future.  
 
In this study, the combination of the descriptive and inferential statistical methods 
and content analysis presented in the study are robust. This has informed the study 
about the relationships that exists between the various socio-environmental variables 
and it has enabled the researcher to test the accuracy of the different views of the 
stakeholders. Additionally, this view was also validated by the content analysis 
employed in the qualitative aspect of the study; where stakeholders expressed their 
views and opinions in the interviews and focus group discussions. The combination 
of multiple approaches to analysing quantitative and qualitative data enabled the 
development of the new guidelines presented herein. 
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Taking all the above mentioned statements into consideration, limitations exist in the 
study. The major limitations of the study as far as the Hydrochemical analyses is 
concerned is that the parameters selected and analysed are limited to anthropogenic 
activities related to the effects of urbanisation and population growth. These 
parameters are chloride, nitrate, phosphate and sulphates. Thus, it is noteworthy that 
complex hydrocarbons and their derivatives are not included. This aspect has not 
been addressed in the study because of the non-existent nature of the activities of 
the petroleum industry. However, the current agitation for harnessing the petroleum 
potentials in the Chad Basin (case study area) might likely affect the groundwater 
system in the future.  
 
Moreover, some possible limitations that have not been discussed extensively are 
related to issues of groundwater management in the context of climate change.  
Although, aspects related to climate change conditions are greatly appreciated, their 
details in the context of this study are limited. It is paramount to stress that climate 
change in water governance needs to be considered in the context of sub-Saharan 
Africa in order to reduce vulnerability of the poor people of the region in maintaining 
decent and sustainable livelihoods.  
 
Another limitation of this study is that it has not covered legal aspects related to the 
development and management of groundwater resources. Water legislation is 
usually difficult to craft, and therefore studies covering aspects of groundwater 
legislation should commence as soon as possible. Furthermore, the study is limited 
to the aspects related to the economics of groundwater management.  
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Major limitation exists in the modelling aspect of the study; the modelling exercise is 
theoretical at the moment; therefore, the comprehensiveness of the model can be 
questionable as the results of the model were not tested in real sense. Additionally, 
the guideline developed by the study has not been used by the primary stakeholders. 
However, the strategic (institutional) stakeholders have promised to integrate the 
guideline recommendations into their existing policies. It is noteworthy that these 
guidelines are not only limited to the Chad Basin alone, they can be transferred and 
applied in many sedimentary Basins of Africa. In this respect; it can be applicable in 
the Iullemmeden Basin, Benue Basin, Tindouf and Taudeni Basins in West Africa. 
Other Basins are Oulad Abdoun Basin, and the Sirte Basin in North Africa, and 
Congo Basin in East Africa. Also, the concepts of the study can be applicable in the 
sedimentary environments of the southern Africa region. On the basis of country by 
country the guidelines developed by the study can be applicable in almost all the 
sedimentary basins of the 53 countries of the African continent.  
 
This is because most African countries are experiencing similar challenges attributed 
to uncontrolled urbanisation and population growth. Also, except for few countries, 
almost all the countries are confined to arid and semi-arid climates. Thus, the scope 
of the study in terms of implementation can go beyond the local case study area to 
cover all the areas of the semi-arid climate. The implementation of the guidelines 
developed herein requires incremental and radical approach to address the 
differences in opinion of the various stakeholder groups, in achieving sustainable 
development in the study area and the continent as a whole.  
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The recommendations proffered by this study can be implemented by the various 
local, state, national, and regional governments in collaboration with the relevant 
stakeholders across the study area and the continent. At, the local level, 
communities can be empowered by the local authorities to participate actively in 
groundwater management activities. Time scales of 1-30 years, can be set as short 
(1-10 years), medium (16-20 years), and long (21-30 years) terms respectively. 
These projections can be set to start the process of implementation. In this respect, 
detailed explanations on how to ensure the implementation of each policy is outlined 
below.  
 
7.2 Policy Recommendations for Attaining a Viable groundwater System 
in Sub-Saharan Africa 
 
Taking into account the analysis of the stakeholder engagement presented in 
chapter 5. It can be concluded that the solutions to the intractable issue of 
groundwater contamination as opined by the various stakeholder groups in the study 
requires an integrated approach and are urgently required. It can be assumed that 
the problems of groundwater management in Nigeria and many other countries in 
sub-Saharan Africa are similar in nature. In this regard, the following 
recommendations need to be considered in achieving sustainable management of 
water resources.  
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7.2.1 Educating the Citizenry on Groundwater Protection 
 
Taking into consideration, evidences presented in the study on the lack of knowledge 
about groundwater contamination; especially in the focus group and household 
survey. There is the need to educate the citizenry on issues of groundwater 
protection. The first step of achieving this is by educating the general populous to 
create awareness among the general population on the benefits of safe, clean water 
and the environment. If not controlled, the water sources needed for future 
development and population growth are likely going to be degraded by current waste 
disposal practices and the stakeholders (especially those with low capacities) needs 
to be made aware of this to help curb contaminating practices. In this regard, the 
state government, through the ministry of education and the state primary education 
board, has an important role to play by reviewing the current curriculum to 
incorporate environmental education to the existing curriculum of education so that 
future actors (pupils) will recognise the importance of sustainability. At present, the 
National School Curriculum only recognised health education and social studies at 
pre and post-primary school levels.  
 
7.2.2 Provision of Adequate Legislation for Participatory Water 
Management  
 
The institutional stakeholders engaged via the interviews opined that current 
legislative framework is not very clear on the role of stakeholders in the management 
of groundwater resources. Also, the primary stakeholders engaged via the focus 
group and household surveys suggested that the adoption strict laws will address the 
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current problem. Thus, federal, state and local government authorities in Nigeria 
must liaise with the citizenry to introduce legislation that will define the role of 
stakeholders in groundwater development and legislations that will constrain the 
activities that might compromise groundwater quantity and quality.  
 
7.2.3 Waste Management 
 
Lack of concerns on issues of waste management was also pointed out by the 
interviewees, the focus group participants, and the household survey respondents. 
Thus, developing a robust waste management framework that considers the ethics, 
beliefs and cultural norms of the people is essential. For this reason, the state and 
local governments, and all other relevant institutions should adopt and implement 
programmes that will empower local women and youth groups through beneficial 
waste management activities. This has multiple benefits as it will ensure the 
protection of groundwater resources and the environment, this will help to prevent 
illnesses related to poor sanitary conditions. As an ancillary benefit it will create 
employment opportunities for the jobless women and youths who are typically the 
lowest income earners across the sub-region.  
 
7.2.4 Institutional Integration and Streamlining of Responsibilities  
 
The institutional stakeholders are of the opinion that there is no proper coordination 
among the local, national and international institutions on integrative management of 
water resources. Also, they pointed out that existing structure (top-down 
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governance) is a major impediment and often results in inconsistency of government 
policy implementation. Therefore, a more integrated governance framework that 
brings together the relevant stakeholders (government ministries, water user groups, 
academia/technical experts and all other relevant institutions) should be put in place, 
so that water and waste management are handled as a subsystem of a larger 
planning system, each impacting on the other. Additionally, the institutional 
framework for solid-waste management must be addressed, with a view of bringing 
together the relevant institutional players and clarifying their responsibilities in each 
case. 
 
7.2.5 Additional Commitment by the Various Tiers of Government  
 
All the institutional stakeholders are of the opinion that there is the need for further 
commitment by the various tiers of government in Nigeria. Thus, the federal, states, 
and local governments needs to further  commit their resources as contained in the 
national water policy in improving the access to safe, clean, and affordable water in 
the country. However, despite their commitments, the Millennium Development Goal 
(MDG) on access to water and sanitation remained unrealistic. Different countries 
have started the adoption and implementation of the Sustainable Development 
Goals (SDGs). There is the need for the various governments in the sub-region to 
fully localize the SDGs in prioritising the post-2015 development agenda for water 
resource management in their national and regional developmental policies. Also, it 
is equally important, for the sake of sustainable water resource management, to 
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ensure that there are adequate returns from cost recovery to finance data collection, 
monitoring of system status, and resources management. 
 
7.3 Recommendations for Future Research 
 
While the research activities reported in this thesis have addressed a number of 
critical issues relating to sustainable groundwater management in sub-Saharan 
Africa region, it is imperative to identify some key areas of research that would 
complement and progress the findings of the study. Consequently, the following 
recommendations are made for future research work; 
 
 In the case study area and sub-Saharan Africa region, groundwater is strongly 
precipitation-dependent. This study has not directly investigated the impacts 
of climate variability on groundwater resources. Hence it is important to carry 
out further hydrological/hydrogeological research on the large-scale effects of 
climate change on the water resources (on a temporal and spatial scale) 
across the case study area and the entire sub-region. 
 
 It is also imperative to evaluate the possibilities of groundwater contamination 
as a result of organic chemicals and heavy metals that have not been covered 
in this study. There is an urgent need to assess the extent of the problem and, 
ultimately, develop guidelines for the detection and evaluation of 
contamination caused by these chemicals.  
244 
 
 
 As groundwater is still viewed as a free good in the study area and many 
parts of Africa, there is the need for studies to focus on the aspects related to 
economics and accounting of groundwater resources. This will enable the 
derivation of the maximum benefits from the available groundwater resources. 
Therefore, studies that will focus on the opportunity costs involved in current 
and future allocation patterns are vital in this region. 
 
 Socio-hydrogeology is still at its infancy, this study has attempted to take it to 
the next level. However, there is more to be done in this regard. Thus, social 
scientists, engineers, geologists and other relevant disciplines needs to take 
the social aspects of this study to the next level in understanding the 
sociology of groundwater management. 
 
 Future studies should focus on extending the comprehensiveness of the 
model developed by this study.  This should include testing the model 
including the determination of its effectiveness.  
 
 Studies that focus on the monitoring and implementation of the guidelines 
developed by this study should be considered in the future. This will provide 
more details on the effectiveness of the guidelines in the future.  
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